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Abstract
The compliance of coal-fired boilers with emissions regulations is a concern
for many facilities. The introduction of biomass briquettes in industrial boilers can
help to reduce greenhouse gas emissions and coal usage. In this research project, a
thermodynamic chemical equilibrium model was derived and analytical simulations
performed for a coal boiler system for several types of biomass fuels such as beech,
hickory, maple, poplar, white oak, willow, sawdust, torrefied willow, and switchgrass.
The biomass emissions were compared to coal and charcoal emissions. The chemical
equilibrium analysis numerically estimated the emissions of CO, CO2, NO, NO2, N2O,
SO2, and SO3. When examining the computer results, coal and charcoal emitted
the highest CO, CO2, and SOx levels while the lowest (especially for SOx) were
reached by the biomass fuels. Similarly, NOx levels were highest for the biomass and
lowest for coal and charcoal. To validate these analytical results, a custom traveling
grate furnace was designed and fabricated to evaluate different types of biofuels in
the laboratory for operation temperatures and emissions. The furnace fuels tested
included coal, charcoal, torrefied wood chips, and wood briquettes. As expected, the
coal reached the highest temperature while the torrefied wood chips offered the lowest
temperature. For CO and NOx emissions, the charcoal emitted the highest levels
while the wood briquettes emitted the lowest levels. The highest SO2 emissions were
reached by the coal while the lowest were emitted by the wood briquettes. When
ii
compared to the coal fuel, charcoal emissions for CO increased by 103%, NO and
NOx decreased by 21% and 20% respectively, and SO2 levels decreased by 92%. For
torrefied wood, emissions for CO increased by 17%, NO and NOx decreased by 58%
and 57% respectively, and SO2 decreased by 90%. For wood briquettes, emissions
for CO decreased by 27%, NO and NOx decreased by 66%, and SO2 levels decreased
by 97%. General trends in emissions levels for CO, CO2, SO2, and SO3 among the
various fuels were the same for the two methods. From the modeling and experimental
results, it is clear that the opportunity exists to reduce boiler emissions using biomass
materials.
In computer controlled systems, electric motor and connector arcing can cause
operational difficulties such as reduced motor life, connector/cable failure, and VFD
tripping. To better understand the behavior of electric motors in diverse environ-
ments, experimental testing has been conducted on two different 230/460 V 3-phase
AC brushless motors at unloaded and loaded conditions. The motors were driven with
a 200 VAC or 400 VAC class Hitachi variable-frequency drive (VFD) and operated in
air, argon, and helium environments for a duration of eight hours. Voltage transients
and temperatures were monitored for these tests. The largest recorded voltage spike
of 1,852 V occurred during 480 VAC start/stop tests. In addition, two different cable
lengths between the VFD and motor terminals were tested. The experimental results
demonstrated that the shorter cable produced smaller voltage spikes when compared
to the longer electrical cable. For all tests, both motors operated coolest in the helium
environment and warmest in the argon environment.
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Chapter 1
Introduction
A majority of energy consumption within the State of South Carolina em-
anates from fossil fuels. Energy consumption for South Carolina in 2008 was 1,660
trillion BTUs (1.75 trillion MJs) [1]. Of this energy consumed, coal produced 24.5%,
natural gas 9.7%, petroleum 30%, nuclear 29.8%, and hydroelectric 0.6%. Biomass
energy only produced 5.3% of the net generation of South Carolina energy consump-
tion [1, 2]. Replacing fossil fuels with biomass fuels can reduce the dependence on coal
and provide an economic outlet for local biomass producers. Coal and biomass can
be combusted simultaneously in many traveling-grate boilers. Boiler tube scaling and
furnace wall deposits are primary concerns of a coal boiler facility [3]. A properly im-
plemented biomass boiler should operate at an efficiency comparable to that of a coal
boiler. The goals of using biomass briquettes (compared to coal) should be to lower
fuel costs, avoid landfill waste and their associated costs, reduce greenhouse (CO2)
and acid (SOx, HCl, etc.) emissions, decrease particulate emissions, and minimize
flue gas opacity.
The Clemson University Energy Facilities (CUEF) generates a significant por-
tion of the campus thermal energy with a coal-fired boiler which was installed in
1
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Figure 1.1: Conceptual model for a combined biomass and coal boiler
1962. The boiler burns an average of 8,000 – 15,000 tons of bituminous Virginia coal
each year. The heat content of the coal averaged 13,500 BTU/lb (31.4 MJ/kg) with
approximately 20% of the total coal tonnage disposed as ash in local landfills. The
carbon content of the ash exceeded the specifications required for recycling into a
product such as concrete. In 2003, coal accounted for 34% of the total energy con-
sumption of Clemson University [4]. The coal boiler features an underfed Detroit
Fuel Distributor and a Riley Traveling Grate spreader stoker (with air injection) that
received the coal and moved it through the boiler. Ash was dumped at the end of
the stoker and stored until removal. A bag house removed air borne particles. Coal
spent approximately one hour on the traveling grate bed at 400 – 600◦F (478 – 589 K).
Residence time was unknown, therefore, an estimated value of 6.3 s was established
from a furnace volume of 2,800 ft3 (79.3 m3) and an air flow rate of 26,851 ft3/min
(760.3 m3/min). The heat produced from the coal boiler created saturated steam for
campus heating and hot water needs (75,000 lb/hr or 34,019 kg/hr of steam) [3].
The parts of a coal-fired plant with biomass has been presented in Fig. 1.1.
The system input was the fuel supply (coal, biomass), while the system outputs were
steam produced from the boiler tubes, and ash and heat from combustion. The
system was comprised of the fuel storage area (hopper), the fuel distributors, and
the combustion area (boiler furnace). If biomass was co-fired in a coal-fired boiler,
2
then the main difference would be the addition of a possible second fuel inlet for the
biomass briquettes. However, this may not be necessary if the size of the biomass
briquettes were similar to the coal size. The same equipment handling the coal supply
would be used for the biomass briquettes. Another option of such a system would
be to totally replace the coal with biomass briquettes. Once again, the design of the
given facility would determine what changes will be required to use biomass as the
only fuel supply.
If the average amount of coal used by the Clemson boiler was 13,700 tons/yr,
then the amount of heat (BTUs or MJs) required per year could be used as the func-
tional unit to compare coal and biomass use. A calculated value of 3.75x1011 BTU/yr
(3.95x108 MJ/yr) is needed from the coal boiler. Using a biomass heating value of
8,200 BTU/lb (19.1 MJ/kg) for pine [5], the amount of pine wood required to reach
the desired heat output of the coal boiler was 22,889 tons of pine per year (67%
increase over coal). The main greenhouse gases (GHG) of concern in this study for
combustion of fuels are CO, CO2, CH4, NO, NO2, N2O, SO2, and SO3. Wood energy
was considered to be carbon neutral, however, the equipment used to harvest and
chip the wood use fossil fuels [6].
A flow diagram of the biomass briquette life cycle has been shown in Fig.
1.2. The inputs to the system include the electricity (derived from coal, natural gas,
petroleum) consumed, the raw materials needed to produce the product, and any
specific equipment needed for the life cycle. The outputs of the life cycle include the
emissions to the atmosphere, releases to water and land, and the electricity or steam
produced by the boiler facility. Also shown in the diagram is the system boundary
that incorporates the steps involved within the life cycle assessment. The scope of the
biomass briquette life cycle only considers the harvesting and chipping of the wood
needed to make the biomass briquettes.
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Chapter 2 investigates the use of biomass fuels as an alternative energy source
in boilers. Biomass characteristics, equipment, and standardized test methods are pre-
sented in Section 2.1. A thermodynamic equilibrium model, validation, and emissions
analysis for various biomass are presented in Section 2.2. Details of the small-scale
laboratory furnace and press used for experimental tests are presented in Section 2.3
while the results from these tests are presented in Section 2.4. A summary of the
results and conclusion is provided in Chapter 5.
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Figure 1.2: Life cycle assessment diagram for biomass briquettes
Another study investigated the effect of operating unloaded and loaded brush-
less electric motors in various gaseous (air, argon, and helium) environments. The
motors were wired directly to a variable-frequency drive (VFD) for speed control. No
electrical connectors or sine wave filters were installed between the VFD and mo-
tor terminals. To maximize the life and reliability of an electric motor, it should
be operated within the manufacturer’s specifications. Therefore, a motor should run
within its intended temperature range without causing voltage transients which could
4
possibly damage the motor and cable insulation.
An electrical arcing problem in argon filled gloveboxes that contain 480 VAC
VFD brushless electric motors has occurred at the Savannah River Site (SRS). The
facility operates argon filled gloveboxes with VFDs for processing plutonium and plu-
tonium oxide in a safe environment. SRS is a Department of Energy (DOE) indus-
trial complex focusing on environmental management and cleanup, nuclear weapons
stockpile responsibilities, and nuclear materials disposal. The site also develops and
deploys technologies to support environmental cleanup and energy independence.
Electrical motor arcing appears to arise within electrical connectors that are
wired between a VFD and motor. The connectors are typically rated for 1,000 V. For
this reason, the safety requirements for operation at 1,000 VAC phase to phase should
be followed. Large voltage spikes caused by a VFD and long cable could damage the
connector; therefore, adequate performance of the electrical system is necessary for
reliable operation.
There are several issues to consider when operating electrical equipment in an
argon atmosphere. The first is electrical arcing. Compared to air, argon has a lower
dielectric constant. For this reason, the voltage at which electrical breakdown, or
arcing, occurs is lower. There are two typical places where the electrical breakdown
may occur: electrical connectors and inside the motor. Another issue to consider
is that the heat transfer ability of argon is lower than that of air. When operating
electric motors in a self-contained glovebox, the heat from the motors causes the
temperature inside the glovebox to rise. This temperature increase may damage the
motors unless the motors are equipped with sensors that disable operations when the
temperature exceeds a safe limit.
The motors in this study were powered by a variable-frequency drive at 208,
230, and 480 VAC. The tests involve long and short duration experiments for observing
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Figure 1.3: Diagram of three-phase AC motor testing system for air, argon, and
helium environments
voltage transients and motor temperatures (heat derating) at unloaded and loaded
conditions. Different power cable lengths between the VFD and motor terminals were
tested to verify the “voltage wave phenomenon”. The system diagram for the voltage
transient tests and heat capacity derating has been shown in Fig. 1.3. The power was
routed through a circuit breaker and VFD before it was wired to the motor inside the
sealed glovebox. A power analyzer measured the voltage and current while a data
acquisition unit recorded motor and glovebox temperatures. A small fan inside the
glovebox prevented a stagnant gas environment while a bubbler system insured that
no outside air will leak into the glovebox. For the loaded motor tests, a hydraulic
pump was coupled to the motor shaft to add resistance to the electric motor as it
operated. A pressure gauge and control valve were attached to the outlet of the pump
for flow and load adjustments.
Chapter 3 presents the procedures (for unloaded and loaded conditions) and
results (for unloaded conditions) of testing two brushless three-phase AC motors in
air, argon, and helium environments. A literature review on electrical breakdown
is offered for different thermal properties of argon and helium in Section 3.1. The
experimental system configuration is discussed in Section 3.2 for testing the motors
in gas environments. The test plans investigating the voltage transients and heat
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derating of the motors and results for start and stop, cable length, and long duration
experiments are presented in Section 3.3. The conclusion is contained in Chapter 5
with safety guidelines listed in Appendix B.
Testing a system for reliability includes analyzing the wear of components
within that system. Specifically, rotation transmitted by chain and sprocket within
a high temperature and abrasive environment is expected to cause a large amount of
wear. Many methods were used for a basket drive project to measure the wear and
durability of such a system. Chapter 4 details the basket drive wear and durability
project. Background information on the project is given in Section 4.1 while the
experimental configurations are given in Section 4.2. The results of the tests are
given in Section 4.3 while Chapter 5 contains the summary and conclusion for the
basket drive project.
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Chapter 2
Biomass Research
This Chapter investigates the use of biomass fuels as an alternative energy
source in boilers. Biomass characteristics, equipment, and standardized test methods
are presented in Section 2.1. A thermodynamic equilibrium model, validation, and
emissions analysis for various biomass are presented in Section 2.2. Details of the
small-scale laboratory furnace and press used for experimental tests are presented in
Section 2.3 while the results from these tests are presented in Section 2.4.
2.1 Biomass Briquette Primer
As reported in the literature, briquetting is the compression of materials into
small “logs” with a diameter of between 5 – 10 cm (∼ 2 – 4 in) [7]. Densified wood in a
log form burned on average, three times longer than dry cordwood. A densified fuel
log generally had a moisture content of between 6 – 10% [8]. There are three types
of briquetting machines: the piston press, screw press, and roller press. Europe and
the United States have chosen to use mechanical compression equipment while Asian
countries typically preferred worm screw pressing machines [7].
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For the piston press, it was stated that pressure was applied intermittently on
the residue material packed inside the cylinder using a piston energized by a flywheel
or hydraulic system. The piston of the press reciprocated and compressed the material
supplied from the feed hopper. The feed material was taken into the conical die,
compressed by the piston, and the briquetted part was extruded through the die
opening[9]. The compacting ram compressed the material at 8,500 psi (58,605 kPa)
as it was forced through the die. The resulting logs of a compacting ram machine
were not as dense as the screw-type logs nor as durable. The compacting ram was
capable of 4,000 lbs (1,814 kg) of dry saw dust per hour. Wood particles had to be
1/4 inch (0.635 cm) or smaller and could not have a moisture content in excess of
10%. Above 10%, moisture adversely affected the system, slowed down production
and caused wear on the internal parts [8].
In a screw press, the literature described a rotating screw of varying cross
section compressed the residue material. The screw conveyor pushed the material
through the passage of varying cross section to achieve compression. The briquetted
material was then expelled from the die. The screw featured an end needle; the ex-
truded part contained a hollow central portion. A screw press with a heater had a
specific advantage of improving the melting of the lignin contained in the residues,
and acted as a binding material that improved the briquetting process [9]. A typical
screw-type machine could force the raw material through a die at a pressure of ap-
proximately 20,000 psi (137,895 kPa), processing approximately 2,000 lbs (907 kg) of
dry sawdust per hour [8]. While briquettes from a piston press were completely solid,
briquettes from a screw press had a concentric hole that provided better combustion
characteristics due to a larger surface area. The screw press briquettes tended to be
more homogeneous and did not disintegrate as easily [10]. For production of small
briquettes, a roller or pellet press was used.
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A pellet press was reported to consist of an annular matrix and a roller. The
residue to be pelletized was compressed between the roller and the annular matrix,
which contained a number of perforations of pre-determined sizes. The feed was
expelled out of these perforations in the form of pellets [9]. Laboratory tests had
shown that the work necessary for densification could be reduced by almost half
by preheating the unprocessed plant material. The heating of the product brought
about a very important reduction in the required power (15 – 20%) with less wear of
machinery [7].
From published material, the strength of the briquettes depended on material
characteristics and process variables like pressure, temperature and use of binding
materials [9]. It was generally found that as die pressure, dwell time, and binder
content increased, the briquette quality also increased. Starch and molasses were
reported to be good binders due to their availability and low price [11]. Particle
size and shape were also important for compacting biomass into briquettes. Biomass
material of 6 – 8 mm (0.24 – 0.31 in) in size with 10 – 20% powdery component (less
than #4 mesh size) generally gave good results. To produce a higher heat output and
improved combustion of the briquette, charcoal and coal in very fine form was added
without affecting the briquette’s quality [10].
As stated in the literature, the mechanisms for particle bonding during com-
paction was categorized as attraction forces between solid particles, interfacial forces
and capillary pressure, adhesion and cohesion forces, solid bridges, and mechanical
interlocking. Attraction forces included molecular, electrostatic, and magnetic forces
that could cause the particles to adhere to each other. Van der Waals’ forces were
believed to make the greatest contribution to intermolecular attractions. The pres-
ence of liquids could cause cohesive forces between particles. A capillary state was
reached when all the empty space within the briquette was completely filled with
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liquid. However, the interfacial and capillary bonds could disappear once the liquid
evaporates. Highly viscous binders such as molasses and tar could adhere to the sur-
faces of the solid particles to generate strong bonds similar to those of solid bridges.
Viscous binders could also harden after cooling. Solid bridges could be developed by
diffusion of molecules from one particle to another at the points of contact. They
could also be formed due to crystallization of ingredients, chemical reactions, hard-
ening of binders, and solidification of melted components. Solid bridges were mainly
formed after cooling/drying of densified products. During the compression of the bri-
quette materials, fibers and particles could interlock or fold about each other to cause
interlocking bonds. Finally, the interlocking bonds could resist the forces caused by
elastic recovery after material compression [9, 12].
Several standardized methods can be implemented for biomass briquette han-
dling characteristics. Briquette abrasion resistance could be determined using ASTM
standard method D 441-86 of the coal tumbler test. Impact resistance testing could
be adapted from the ASTM D 440-86 drop shatter test for coal while the compressive
strength tests could be accomplished according to the ASTM standard method C
39-96 [13].
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2.2 Thermodynamic Equilibrium Model
Several types of models such as thermodynamic equilibrium, kinetics-free,
steady-state, semitransient, and transient can be used to determine emissions from
biomass combustion [14]. The thermodynamic equilibrium model is the simplest and
gives combustion gas composition at a selected temperature with reasonable accuracy
[14]. Two methods of thermodynamic equilibrium modeling (stoichiometric and non-
stoichiometric) can be applied to combustion systems. The stoichiometric approach
is based on stoichiometric reactions while the non-stoichiometric approach is based
on minimizing the Gibbs free energy of the system [15].
2.2.1 Derivation of a Thermodynamic Model for a Boiler
System with Validation
Assuming thermodynamic equilibrium within the system, the overall combus-
tion reaction of the fuel with air can be described as:
CHONS +O2 +N2 → CO + CO2 + CH4 +O2 +N2
+NO +NO2 +N2O + SO2 + SO3 +H2O
(2.1)
The reactants of the overall reaction are the biomass or fuel (CHONS) and the re-
quired combustion air (O2 and N2). CHONS represents the elemental composition
of the biomass or fuel where CHONS symbolizes carbon (C), hydrogen (H), oxygen
(O), nitrogen (N), and sulfur (S). The composition of the individual elements of the
biomass or fuel as C, H, O, N, and S can be determined from ultimate analysis values
[16, 17, 18, 19]. The products of the overall reaction are the emissions produced from
the combustion process as CO, CO2, CH4, O2, N2, NO, NO2, N2O, SO2, SO3, and
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H2O. Assumptions for the system included the following: all reactions occur in the
gas phase as ideal gases, residence time is long enough to achieve equilibrium, and
the process is adiabatic [14].
Based on the products of the overall reaction stated in Equation (2.1), ap-
plicable reactions in the system and associated equilibrium constants at 560 K and
1 atm are as follows [15, 14, 20]:
CO +H2O → CO2 +H2 , K = 49.86
CH4 +H2O → CO + 3H2 , K = 2.164× 10−8
CO + 0.5O2 → CO2 , K = 7.128× 1021
N2 +O2 → 2NO , K = 2.848× 10−16
N2 + 2O2 → 2NO2 , K = 2.392× 10−13
N2 + 0.5O2 → N2O , K = 2.821× 10−12
SO2 + 0.5O2 → SO3 , K = 2.021× 104
The rate at which each reaction occurs can be determined by the equilibrium constant,
K. For example, the equilibrium constant for CO + H2O → CO2 + H2 is given by
Equation (2.2), where yi is the mole fraction of a particular species.
K =
yCO2 · yH2
yCO · yH2O
(2.2)
The Gibbs free energy, Equation (2.3), can be used to determine the value of K as
a function of temperature and pressure where ∆G is the Gibbs free energy, R is the
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universal gas constant, and T is temperature in Kelvin [14].
lnK(T ) =
−∆G
R · T (2.3)
Since the system is in equilibrium, a material balance can be obtained from Equation
(2.1) for elements of C, H, O, N, and S [15]. The parameter n represents the number
of moles for a particular species. The material balance for the boiler system based on
the overall reaction in the system is displayed below:
nC = nCO + nCO2 + nCH4
nH = 4nCH4 + 2nH2O
nO = nCO + 2nCO2 + 2nO2 + nNO + 2nNO2
+ nN2O + 2nSO2 + 3nSO3 + nH2O
nN = 2nN2 + nNO + nNO2 + 2nN2O
nS = nSO2 + nSO3
Using a thermodynamic equilibrium approach, a system of nonlinear equations
can be solved to determine the combustion emissions for various types of fuel. Meth-
ods to solve the system of equations are well documented in literature [14, 21, 22].
For this particular paper, the software programs Matlab and GasEq were used for
numerical emissions estimates of a boiler system.
A thermodynamic equilibrium analysis was applied to the Clemson University
Energy Facilities’ (CUEF) boiler system. By using the known inputs to the coal
boiler system, the equilibrium model emissions could be validated and compared to
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actual test data available from the facility managers. The variables needed for the
emissions estimates were the composition of the fuel (ultimate analysis), fuel feedrate,
air flowrate, and heat content. Once these variables were obtained, the total atomic
input of the system (moles of C, H, O, N, and S) was calculated using Matlab. The
moles of C, H, O, N, and S were supplied to the GasEq program [23] for gas phase
chemical equilibrium analysis. Different scenarios were investigated for their effect on
emissions levels.
The thermodynamic equilibrium technique was compared to measured CUEF
stack emissions for a coal feed rate of 3,356 kg/hr (7,400 lb/hr), air flow rate of 54,807
kg/hr (26,851 scfm), moisture content of 3%, and equilibrium temperature of 560 K
(548◦F). As shown in Fig. 2.1, the CO2, O2, and N2 emissions calculated by the model
match well with the experimentally measured values from the coal boiler facility. The
CO emissions are underestimated by the model; this could be due to combustion of
tars and char accumulated inside the boiler system which the model does not account
for.
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Figure 2.1: CUEF measured emissions for CO, CO2, O2, and N2 compared to calcu-
lated emissions from the thermodynamic equilibrium model
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2.2.2 Model Inputs Based on Ultimate Analysis and Heating
Values
Ultimate analysis values (atomic composition) for various biomass and fossil
fuels were used to estimate the combustion emissions at a particular equilibrium
temperature. The C, H, O, N, S, and ash compositions (in dry wt. %) are shown
in Table 2.1 [16, 17, 18, 19]. The following information was obtained from coal
purchase documents at the CUEF facility: S = 0.6 – 1.0%, ash = 5 – 10%, moisture
content = 3%, and HHV = 13,800 – 14,200 BTU/lb dry basis (32 – 33 MJ/kg) [3]. The
composition of the coal in Table 2.1 was adjusted from other sources to coincide with
the known CUEF values. The moisture content for beech, hickory, maple, poplar,
white oak, willow, sawdust, and switchgrass were 10%. Willow 503 (mc = 1.5%)
and willow 563 (mc = 0.8%) represent torrefied wood at torrefaction temperatures of
503 K (446◦F) and 563 K (554◦F). A moisture content of 3% pertained to the coal
and charcoal fuels.
Table 2.1: Ultimate analysis per dry wt. % of biomass and fossil fuels
Fuel C H O N S ash
Beech 51.64 6.26 41.45 0 0 0.65
Hickory 47.67 6.49 43.11 0 0 0.73
Maple 50.64 6.02 41.74 0.25 0 1.35
Poplar 51.64 6.26 41.45 0 0 0.65
White Oak 49.48 5.38 43.13 0.35 0.01 1.52
Willow 49.9 6.5 39.9 0.2 0 3.5
Willow503 50.7 6.2 39.5 0.2 0 3.4
Willow563 54.7 6.0 36.4 0.1 0 2.8
Sawdust 50.0 6.3 43 0.8 0.03 0.03
Switchgrass 43 5.6 46 0.5 0.1 4.5
Coal 78.8 4.88 6.2 0.86 1 8.2
Charcoal 92.04 2.45 2.96 0.53 1 1.02
Since coal was used as the basis for comparison, the amount of energy produced
during its combustion must be satisfied by the other fuels. Test run values obtained
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Figure 2.2: Numerical results of dry feedrates and higher heating values (HHV) for
various biomass and fossil fuels
from CUEF for boiler inputs were: feedrate = 7400 lb/hr (3356.6 kg/hr) and air
flowrate = 120,830 lb/hr (54,807 kg/hr). These values gave an approximate air-to-
fuel ratio (AFR) of 16.328 which was considered a lean condition. An average value
of 14,000 BTU/lb (32.6 MJ/kg) was used for the heat content (HHV dry basis) of the
bituminous coal [3]. These values produced 106,025 MJ/hr (1.0x108 BTU/hr) of heat
created inside the boiler. By using the heat content and AFR of the coal, the feed
rates and air flows required for different fuels were determined. Fig. 2.2 displays
the calculated HHV and needed feed rates of each fuel to produce the same amount
of heat compared to coal combustion. The heating values were calculated based on
Equations (2.4) – (2.7) from the Environmental Research Center of the Netherlands
[24]. The dry HHV was of most concern because it was the value provided in the coal
purchase documents; therefore, it was the only value used for the feed rate calculations
and comparisons. Variables C, H, O, N, and S represented the actual percent value
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given in Table 2.1.
HHVdry = 0.341 · C + 1.322 ·H − 0.12 · (O +N) + 0.0686 · S − 0.0153 · ash (2.4)
LHVdry = HHVdry − 2.442 · 8.936 · H
100
(2.5)
HHVwet = HHVdry ·
(
1− mc
100
)
(2.6)
LHVwet = LHVdry ·
(
1− mc
100
)
− 2.442 · mc
100
(2.7)
2.2.3 Numerical Results for Various Biomass and Fossil Fuels
Clemson University Energy Facilities operates under a U.S. EPA Title V Per-
mit of the Clean Air Act for coal boiler systems. The only emissions discussed in the
permit were SO2 and particulate matter (PM); however, no source emissions were
required for SO2 if the sulfur content of the coal was equal to or less than 1.5% by
weight. Since the sulfur content of CUEF’s coal was less than 1%, they did not record
SO2 emissions. The only available emissions data available was for CO2, CO, and O2.
The following values were provided for analysis purposes: CO2 = 9 –12%, CO = 0 –
0.1%, and O2 = 7 –12% [3]. No other emissions data was available; therefore, the
validity of the emission analysis was based on the coal inputs stated previously and
the CO2, CO, and O2 percentages obtained from historical data.
The calculated feed rate and associated air flow rate for each fuel type have
been shown in Table 2.2. These inputs provided the same AFR and amount of heat
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Table 2.2: Wet biomass, fossil fuel feedrate, moisture content, and air flowrate for
inputs to chemical equilibrium analysis of CUEF boiler system
Beech 5,636.4 10 92,031.4
Hickory 5,994.9 10 97,885.5
Maple 5,841.5 10 95,381.0
Poplar 5,636.4 10 92,031.4
White Oak 6,284.7 10 102,616.6
Willow 5,679.3 10 92,732.4
Willow503 5,207.8 1.5 85,033.5
Willow563 4,822.7 0.8 78,745.3
Sawdust 5,854.0 10 95,584.8
Switchgrass 7,172.8 10 117,118.1
Coal 3,356.6 3 54,807
Charcoal 3,190.5 3 52,095.4
Feedrate 
(wet), kg/hr MC, %
Air Flowrate, 
kg/hrFuel
produced as the coal. To determine an appropriate equilibrium temperature for the
boiler system, a range of applicable temperatures were evaluated for coal. Emissions
were estimated as a percentage of the stack gas leaving the boiler system. The coal
emissions for CO, CO2, O2, N2, H2O, NOx, and SOx are displayed in Fig. 2.3. The
values for CO2, CO, and O2 were within the ranges of the facility over a broad range
of temperatures. However, a temperature of Teq = 560 K (548
◦F) was chosen based
on the average grate temperatures obtained from the facility control room. This
equilibrium temperature was used for the analysis of the other fuel types.
The emissions from various biomass fuels at an equilibrium temperature of
560 K (548◦F) are shown in Fig. 2.4. The highest CO2, CO, and SOx emissions were
emitted from coal and charcoal. The highest NOx emissions were emitted from the
biomass fuels. SOx emissions for the biomass did not exist due to the lack of sulfur
content. By comparison, SOx emissions for coal and charcoal were high due to their
high sulfur content.
Moisture content of biomass fuels could vary considerably due to seasonal
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and weather variations. To examine moisture effects on emissions levels, an analysis
was conducted for maple wood at a feed rate of 5,842 kg/hr (12,879 lb/hr) and air
flow of 95,381 kg/hr (210,279 lb/hr). Moisture content of the wood was varied from
completely dry to highly saturated, 0 – 50%. The results from this analysis are shown
in Fig. 2.5. Emissions of CO, CO2, and N2 all decreased as the moisture content
increased. The emission of O2, NOx, and H2O increased as the moisture content
increased.
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Figure 2.3: Numerical estimated coal emissions for (a) CO2, H2O, N2, O2 and (b)
CO, NO, NO2, N2O, SO2, SO3 evaluated at a range of equilibrium temperatures at
P = 1 atm (101.3 kPa)
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Figure 2.4: Numerical estimated boiler emissions from chemical equilibrium analysis
at T = 560 K (548◦F) and P = 1 atm (101.3 kPa) for biomass and fossil fuels for (a)
CO and CO2, (b) NO, NO2, and N2O, and (c) SO2 and SO3
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Figure 2.5: Numerical estimated effect of moisture content on combustion emissions
from maple wood at T = 560 K (548◦F) and P = 1 atm (101.3 kPa), (CO x 10−21,
NO x 10−7, NO2 x 10−6, N2O x 10−11)
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2.3 Small-Scale Laboratory Furnace and Press
A small-scale laboratory furnace (refer to Fig. 2.6) was designed to evaluate
the biomass briquettes for emission and combustion characteristics while simulating
the conditions of the Clemson Energy Facilities coal boiler. The overall furnace
dimensions were 6.3 x 2.8 x 10 ft (1.9 x 0.9 x 3 m). The furnace also had the capability
to examine scaling which could occur on boiler tubes. A traveling grate and roller
inside the furnace controlled the combustion process in a means similar to the actual
boiler.
!"#$#
%#&#'#(##
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Figure 2.6: Custom biomass furnace for briquette analysis
The stainless steel furnace consisted of two Nautilair 8.9” (22.6 cm) high out-
put blowers (PN#150241-00, 240 V, 100 – 550 cfm (2.8 – 15.6 m3/min) output), a Bi-
son inverter duty AC motor (PN#017-247-0216, 230 V, 6 – 90 Hz operation), Hitachi
variable frequency drive (L200-002NFU2, 1/4 HP, 200 V class), K-type Omega ther-
mocouple probes (PN#KMQIN-125G-12), wire mesh grate, piezo igniter, propane
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gas control valve, propane burner and an electrical circuit-breaker box. The elec-
trical box provided power to the traveling grate motor and blowers. The blowers
offered variable air flow from the bottom of the furnace through the center area of
the wire mesh grate. To disperse the airflow through the grate, a metal diffuser plate
was placed inside the air duct at the bottom of the furnace. The motor had a gear
reduction transfer case that allowed the grate to travel at a slow and steady speed
that was similar in speed of the traveling grate in the coal boiler. The speed of the
traveling grate could be adjusted by the motor speed VFD. A National Instruments
USB CompactDAQ unit (cDAQ-9172) was used to control the motor and VFD using
LabView 8.5 computer software. The DAQ unit also recorded temperatures from var-
ious thermocouple probes placed throughout the furnace. The furnace was designed
as four sections to allow for easy disassembly and maintenance.
A diagram of the furnace control system has been shown in Fig. 2.7. The
thermocouples’ temperature readings were sampled every second. The system in-
puts included the fuel, air intake, and DC voltages used to control the grate and
blower speeds. The outputs of the system included the temperature readings from
the thermocouples, stack emissions and ash from the combustion of the briquettes.
Stack emissions (CO, NOx, NO, and SO2) and temperatures were recorded with a
TSI Series CA-6200 portable combustion analyzer.
A hydraulically driven press was configured for experimental laboratory testing
as shown in Fig. 2.8. This setup offered insight into what kinds of pressures would
be needed to compress biomass materials into a desirable product. Material entered
through an opening on the top of the metal die block. Once the material was in the
loading area of the die, the hydraulic ram is activated and compresses the material
inside the die. Pressure was relieved from the ram to allow the gate at the end
of the die to lift, then the ram protruded forward once more to push the briquette
24
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Figure 2.7: Diagram of furnace system inputs and outputs
out of the die. The whole process was repeated for the next batch of material.
For this application, the maximum pressure of the hydraulic cylinder was 3,200 psi
(22,063 kPa); however, larger cylinders with higher pressure ratings could be used.
The die could be heated to see how a pre-heated die could effect the compaction of
biomass materials.
The system was operated with two Bosch servo-solenoid valves and two Bosch
pressure sensors. Furthermore, the system was controlled and automated using
dSPACE ControlDesk. The briquettes produced were 1.25 inches (3.175 cm) in di-
ameter. This briquette size allowed the existing coal distribution equipment to be
maintained at the facilities boiler for pilot demonstrations.
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Figure 2.8: Hydraulic briquette press for biomass compaction tests
2.4 Experimental Results and Discussion
The test procedure used for burning material in the furnace started with load-
ing the grate with briquettes. A layer of briquettes from the furnace opening to the
propane burner was developed before the burner was ignited. Once the burner was
ignited, the grate motor and blowers were turned on. At this point, temperatures
were recorded from the thermocouples via the DAQ unit. The burner remained lit
until the entire length of the grate was covered with fuel, after which the burner
was turned off. Briquettes were constantly added to the grate by hand throughout
the entire test cycle. The airflow from the blowers (total of 1800 lb/hr or 816 kg/hr)
through the grate kept the combustion process going after the burner was turned off.
The test was complete when all the briquettes on the grate had been combusted and
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the furnace temperatures leveled off. Emissions readings were taken every 5 minutes
throughout the test cycle using a gas analyzer probe at the top of the furnace.
Standard charcoal briquettes, coal, torrefied wood chips, and compressed wood
briquettes were evaluated at a total weight of 36 lbs (16.3 kg) for each fuel. Exam-
ples of these materials have been displayed in Fig. 2.9. The temperatures recorded
during each furnace test have been presented in Fig. 2.10. Coal reached the highest
temperature recorded at 1550◦F (1116 K), whereas the torrefied wood chips reached a
maximum temperature of 425◦F (491 K). The CO, NO, NOx, and SO2 emissions as-
sociated with each fuel are shown in Fig. 2.11. The left y-axis relates to the coal and
charcoal emissions, while the right y-axis relates to the torrefied wood chips and wood
briquette emissions. The highest CO, NOx, and NO emissions occurred for charcoal
while the lowest emission levels occurred for the wood briquettes. The highest SO2
emissions occurred for coal while the lowest SO2 emissions occurred for the wood
briquettes. Compared to the coal, averaged charcoal emissions for CO increased by
103%, NO and NOx decreased by 21% and 20% respectively, and SO2 levels decreased
by 92%. For torrefied wood, averaged emissions for CO increased by 17%, NO and
NOx decreased by 58% and 57% respectively, and SO2 decreased by 90%. For wood
briquettes, averaged emissions for CO decreased by 27%, NO and NOx decreased by
66%, and SO2 levels decreased by 97%.
The estimated emissions of the thermodynamic model compared favorably to
the measured CUEF emissions for CO2, O2, and N2 as displayed in Fig. 2.1. However,
due to lack of data from CUEF, the validation of NOx and SOx emissions estimated
by the model was not possible. Emissions for CO, CO2, SO2, and SO3 from the
model (Fig. 2.4a, Fig. 2.4c) and laboratory furnace tests (Fig. 2.11a, Fig. 2.11d)
were lowest for biomass fuels. However, the NOx emissions did not agree between the
model and furnace experiments. The laboratory furnace tests indicated lower NOx
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levels (Fig. 2.11b, Fig. 2.11c) for the biomass fuels compared to coal and charcoal.
The opposite trend was observed for the equilibrium model where NOx levels (Fig.
2.4b) were highest for biomass. These differences may be attributed to the lack of
equilibrium conditions inside the small-scale laboratory furnace. More work must
be completed on the laboratory furnace to ensure operating conditions are close to
equilibrium. Once this is accomplished, the model can be applied and compared to
the measured emissions of the small-scale laboratory furnace.
(a) Charcoal (b) Coal
(c) Torrefied Wood Chips (d) Compressed Wood Briquettes
Figure 2.9: Examples of four fuels used for furnace tests including: (a) charcoal, (b)
coal, (c) torrefied wood chips, and (d) compressed wood briquettes
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(a) Charcoal (b) Coal
(c) Torrefied Wood Chips (d) Compressed Wood Briquettes
Figure 2.10: Combustion temperatures measured at four locations along the
travelling-grate surface for (a) charcoal, (b) coal, (c) torrefied wood chips, and (d)
compressed wood briquettes
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Figure 2.11: Emissions recorded by gas analyzer in furnace stack for the (a) carbon
monoxide, (b) nitrogen oxides, (c) nitric oxide, and (d) sulfur dioxide as evaluated
for charcoal, coal, torrefied wood chips, and compressed wood briquettes
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Chapter 3
Argon Environment Electrical
Study (AEES)
This Chapter presents the procedures (for unloaded and loaded conditions)
and results (for unloaded conditions) of testing two brushless three-phase AC motors
in air, argon, and helium environments. A literature review on electrical breakdown
is offered for different thermal properties of argon and helium in Section 3.1. The
experimental system configuration is discussed in Section 3.2 for testing the motors
in gas environments. The test plans investigating the voltage transients and heat
derating of the motors and results for start and stop, cable length, and long duration
experiments are presented in Section 3.3. The conclusion is contained in Chapter 5
with safety guidelines listed in the Appendix B.
3.1 Literature Review
The lower dielectric strength of argon compared to air presents a problem for
high voltage systems. A number of research articles and books have been written on
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the breakdown voltage in gases. Meek and Craggs [25] provide one of the most com-
prehensive and up-to-date works on this subject. The authors discuss the breakdown
voltage for argon and introduce an appropriate formula for this voltage. A number
of factors determine the point at which electrical breakdown occurs in a gas. These
factors include the magnitude and frequency of the voltage, the spacing and type
of electrodes, and both the pressure and temperature of the gas (i.e., gas density).
Pashen’s Law is an important principle for the electrical breakdown of gases. It states
that the mathematical product of the atmospheric pressure p and distance between
the electrodes d is constant for a particular breakdown voltage. To gain insight into
the impact of various factors that determine the breakdown of argon, the breakdown
voltage for air vs. argon at low pressures and high frequencies was investigated by
Kirkici [26]. A phenomenon related to electrical breakdown in gases is partial dis-
charge within insulators. This factor is important because the voltage at which partial
breakdown occurs can be lower than the breakdown voltage for air [27]. It has been
shown by Hassouba et al. [28] from Paschen curves that the minimum breakdown
voltage for He gas is lower than that for Ar gas. Finally, arcing is a serious issue in
the petroleum industry so that standards have been created to eliminate arcing or to
reduce its effects [29].
In addition to the electrical breakdown characteristics of argon, the thermal
properties of argon gases have been studied. A theoretical method for calculating
thermal and electrical properties of argon has been formulated by Nazarenko and
Panevich [30]. Experimental data for the thermal properties of air and argon has also
been collected by Vargraftik [31]. In summary, the majority of the work currently
available is theoretical in nature. This literature is helpful when developing a model,
but does not pertain to this specific case of operating electric motors and electrical
connectors in an argon environment. Testing is necessary to determine the breakdown
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voltages for particular connectors and electric motors and to investigate heat transfer
issues.
3.2 Experimental System Configuration
The design of the test system emphasizes safety (refer to Appendix) and re-
duced costs. For safety, the system features an electrical lockout. In addition, a
computer controls the VFD output frequency and a power analyzer measures current
and voltages for each motor so that human contact with the high voltage is elim-
inated. A plexiglass glovebox has been designed to accommodate a wide range of
motor sizes and shapes. The system components will be explained in this section.
Power, Circuit Breaker & Cable - The power for the motor test system was either
three-phase 208, 230, or 480 VAC. The circuit breaker features an electrical lockout
lever. Standard SO (600 V service cord with oil resistant outside jacket) electrical
cable was used to connect the motor and VFD to the power supply.
Plexiglass Glovebox - The 1.27 cm thick plexiglass box houses the electric motor in an
air, argon, or helium environment. The approximate dimensions of the box are 53.34
x 50.80 x 33.02 cm. A silicone foam rubber strip was placed on the top lid of the box
to ensure an airtight fit between the lid and base. Weight was also placed on top of
the box to ensure an even seal. All joints and seams were sealed with clear No. 732
silicone sealant and weld-on No. 16 plastic cement.
High Purity Gas - UHP Argon UN1006 and UHP Helium UN1046 gas were used for
the argon and helium environment tests. A vacuum pump was used to provide a
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continuous flow of air into the glovebox for the standard air environment tests. The
thermal conductivity of the gases are 0.024 W/mK for air, 0.016 W/mK for argon,
and 0.142 W/mK for helium. Since helium has the highest thermal conductivity, it
will likely remove more heat from the motor than argon which has the lowest thermal
conductivity.
Computer Control & Data Acquisition - A National Instruments USB CompactDAQ
unit was used for temperature readings, glovebox fan control, and VFD control. The
NI 9263 4-channel, ±10 V, 16-bit analog voltage output module controlled the muffin
fan and VFD frequency. Additionally, the computer monitored motor temperatures
and ambient glovebox temperatures using four adhesive thermocouples wired to the
DAQ unit. The NI 9211 4-channel thermocouple module acquired readings from
the thermocouples (3 attached to motor, 1 suspended inside glovebox). National In-
struments LabView 8.5 software interface with the USB DAQ and log temperature
readings as well as controlled the fan and VFD. The software package FlukeView 3.32
was used to analyze the voltage transients captured with the Fluke analyzer.
Electric Motors - The motors were wired directly to the VFD. The GE Motor is a
1 HP, 3-phase, AC brushless motor that operated on 230/460 V (2.9/1.45 A) at 60 Hz.
The Reliance Motor is a 1/4 HP, 3-phase, AC brushless motor that required 230/460 V
(0.90/0.45 A) at 60 Hz. Each motor was tested individually inside the glovebox.
Power Analyzer & Thermocouples - A 3-phase Fluke 435 Power Quality Analyzer
was used to monitor the voltage and current of the motor being tested. It is rated
for ±6000 V, 10 - 1000 Vrms at 1 V resolution. For voltage transient analysis, it has a
minimum detection duration of 5µs and a sampling rate of 200 kS/s. Self adhesive
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Type-J thermocouples from Omega, Part # SA1-J, recorded the motor and glovebox
temperatures.
Variable Frequency Drive - To control the speed of the AC motors, a variable fre-
quency drive varied the electrical frequency applied to the motor. Depending on the
test, a 200 V or 400 V Hitachi VFD was wired to the motor in the glovebox. The
200 V class Hitachi VFD was an X200-007NFU model that is rated for 1 HP motors.
The 400 V class Hitachi VFD was an X200-022HFU model rated for 3 HP motors.
Each VFD operated on 3-phase AC power.
Hydraulic Setup - To add resistance to the AC motors, a hydraulic pump was coupled
to the electric motor’s shaft. Custom hoses were attached to the inlet and outlet
ports of the hydraulic pump. These hoses were then routed to a large oil reservoir
located beneath the test bench. For fluid control and load adjustments, an Omega
pressure transducer (PX309-500GI, 0 - 500 psi max) and Numark control valve were
attached to the outlet side of the hydraulic pump. Fluid flowrate was monitored by
an Omega flowmeter (FTB-1313, 0.9 - 9.0 gpm, 5000 psi max) on the inlet side of the
pump.
The atmosphere inside the electric motor plexiglass box was purged using a
bubbler setup at a constant pressure of 2.54 cm H2O. This bubbler setup minimized
any outside air contamination. The large plexiglass box for the unloaded motor tests
with the gas bubbler can be viewed in Fig. 3.1a, while the setup for the loaded motor
tests can be seen in Fig. 3.1c. Two aluminum bars and four threaded rods clamp
down the lid to the walls of the box. The length of cable between the VFD and motor
is 19.81 m. This length of SO cable (greater than 15.24 m) maximizes the potential
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(a) Sealed plexiglass glovebox for unloaded mo-
tor testing
(b) Plexiglass box containing power cable with
voltage clamps
(c) Hydraulic pump and hoses attached to mo-
tor for load testing
Figure 3.1: Experimental setup for motor testing in different gas environments
voltage spikes in the system. Extensive testing of cable lengths greater than 15.24 m,
after a VFD, can cause voltage spikes of 1,500 V to 2,000 V or more at the terminals
of a 460 V motor [32]. The high voltage spikes that can occur at the motor terminals
are due to the reflection in the cable caused by the switching times of the VFD. Such
spikes can cause premature failure of the motor and cable insulation [33]. It has also
been shown that lowering the rise time of the VFD output reduces the cable length
at which high voltage spikes can occur [34].
36
To safely attach the analyzer voltage clips to the power cable, another plexi-
glass box was designed and fabricated, see Fig. 3.1b. This box houses the stripped
sections of cable and the power analyzer’s voltage clamps. The current probes are
attached to the outside of this box. The power cables pass through this wire box and
into the glovebox containing the motor. The wires enter the motor glovebox through
a small plexiglass washer which fits inside an EMT fitting. The fitting was sealed
with silicone sealant to prevent gas leaks around the wires.
Thermocouple readings were logged from the DAQ using LabView software,
where the data can be exported into Microsoft Excel for further dissemination. Lab-
View was also used to control a small DC fan via the analog output module and
a solid-state relay. The fan circulated the gas inside the glovebox to avoid stagnant
conditions. The VFD was also controlled by the analog voltage output from the DAQ.
3.3 Test Plan and Results
This section outlines the plan for the investigation of voltage transients and
heat capacity derating with presentations of representative results. The voltage tran-
sients and heat capacity derating tasks were conducted with and without a connector
between the VFD and motor terminals. The purpose of these tests is to determine
whether the proposed electric motors will have any arcing or heating problems when
operating in air, argon, or helium environments. All tests mentioned in this paper
were conducted on unloaded brushless motors.
3.3.1 Start, Stop, and Cable Length Tests
The highest voltage transients are likely to occur during the start and stop
events of a motor. The magnitude of these voltage spikes can be affected by the length
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of power cable between the VFD and motor terminals. The following procedure was
used for capturing voltage transients during motor startup and shutdown in different
gaseous environments. The voltage transients were captured with the Fluke power
analyzer. Motor temperatures were not recorded for these short tests. All power was
routed to a circuit breaker box that contains an electrical lockout lever. Power is then
routed from the circuit breaker to the EMI filter and VFD to drive the motor inside
a sealed plexiglass glovebox.
1. Fill the glovebox with air, argon, or helium at a pressure of 2.54 cm H2O for 15
minutes.
2. While the glovebox is filling with gas, turn on the power analyzer and computer
DAQ to begin monitoring the voltage and current draw of the motor and turn
on the muffin fan inside the glovebox.
3. After 15 minutes, start the motor from 0 Hz to 60 Hz and monitor the voltage
and current readings for 30 seconds or until at least 5 voltage transients have
been captured.
4. After several voltage transients have been captured, shut off the motor with the
VFD at 0 Hz while continuing to monitor the voltages and current of the motor
to capture any shutdown transients.
5. The test is complete once the motor has come to a complete stop and no power
is shown on the voltage analyzer.
The procedure remains the same for testing different SO cable lengths of 3.66 m
and 19.81 m between the VFD and motor terminals. These lengths were chosen
because they were readily available at the testing facility. The start and stop tests
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were conducted at 230 V and 480 V while the cable length tests were only conducted
at 230 V at 40 Hz and 60 Hz.
3.3.2 Results for Start & Stop Sequence (Test 1)
The first set of start/stop tests were conducted at 230 V, 3-phase AC power,
in air, argon, and helium environments with 19.81 m of cable between the VFD and
motor. Voltage spikes for the Reliance Motor at 60 Hz ranged from 684 V to 781 V.
The voltage spikes captured for the GE Motor at 40 Hz ranged from 750 V to 1,055 V.
The GE Motor was only operated at 40 Hz because the VFD would trip at startup
due to the motor drawing more amps than the VFD was made to handle. Graphs of
these voltage transients can be viewed in Fig. 3.2a and 3.2b.
The next set of start/stop tests were conducted at 480 V, 60 Hz, 3-phase AC,
in air, argon, and helium environments with 19.81 m of cable. Voltage spikes for the
Reliance Motor ranged from 1,231 V to 1,482 V while voltage spikes for the GE Motor
ranged from 1,268 V to 1,852 V. As with the 230 V tests, there were no significant
differences associated with the three gaseous environments as shown in Fig. 3.2c and
3.2d.
An electrical connector was wired between the motor terminals and VFD to
investigate potential arcing problems between the connector pins. Start/stop results
with the connector exhibited similar results compared to the tests with no connector
installed. At 208, 230, and 480 V start/stop tests, there were no electrical arcing
issues within the connector for the different gaseous environments. The results from
the connector start/stop tests can be seen in Appendix B.
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Figure 3.2: Start and stop voltage transients (w/o connector) of the Reliance and GE
motors at 230 VAC and 480 VAC with 19.81 m cable (Test 1)
3.3.3 Results for Cable Length (Test 2)
Due to the voltage wave phenomenon, longer cable lengths between the VFD
and motor terminals can cause higher voltage spikes at the motor terminals. High
voltage spikes can cause arcing in underrated electrical connectors. The cable length
results for the Reliance Motor at 60 Hz with 230 V power is shown in Fig. 3.3.
According to the graphs, the length of cable does indeed affect the magnitude of the
voltage spikes observed at the motor terminals. For instance, in Fig. 3.3c, the 3.66 m
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cable demonstrated a decrease of up to 200 V compared to the voltage spikes observed
in the 19.81 m cable. It should also be noted that there were no significant differences
in the voltage transient results captured in the air, argon, and helium environments
of the motor glovebox. Conducting the same tests at 40 Hz gave similar results. The
results from the cable length tests coincide with the data presented in the literature
by Young [32].
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Figure 3.3: Voltage transients captured for different cable lengths at 60 Hz with 230 V
power for the Reliance Motor (Test 2)
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3.3.4 Long Duration Operating Test
A motor can overheat during long hours of operation; therefore, it is desirable
to keep the motor operating as cool as possible. The motor temperatures and ambient
glovebox temperatures were monitored during eight hours of motor operation in an air,
argon, or helium environment. Voltage transients were captured during the middle
of the test at four hours and again at the end of the test at eight hours. The test
method for these tests are the same as the start/stop motor testing setup except for
some additional steps.
1. Fill the glovebox with air, argon, or helium at a pressure of 2.54 cm H2O for 15
minutes.
2. While the glovebox is filling with gas, turn on the power analyzer and computer
DAQ to begin monitoring the voltage and current draw of the motor and turn
on the muffin fan inside the glovebox.
3. After 15 minutes, ramp the motor to 60 Hz operation and begin logging tem-
perature readings every three seconds once the motor is brought to full speed.
4. After four hours, record voltage transients for 30 seconds or until at least five
transient events have been captured.
5. After eight hours, record voltage transients for 30 seconds or until at least five
transient events have been captured and ramp motor down to 0 Hz to completely
stop the motor.
6. The test is complete once the motor has come to a complete stop and no power
is shown on the voltage analyzer.
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3.3.5 Results for Long Duration Operating (Test 3)
At 208 V operation, the average motor temperatures recorded during the eight
hour tests has been displayed in Fig. 3.4a. It was observed that both motors operated
the coolest in the helium environment and hottest in the argon environment. There
were no voltage transients recorded for the 208 V motor operation. A graph of the
average motor temperatures at 230 V operation can be viewed in Fig. 3.4b. Again,
the motors operated the coolest in the helium environment. At 230 V operation, the
voltage spikes for the Reliance Motor ranged from 669 V to 787 V and for the GE
Motor the range was 655 V to 895 V. Graphs of the 230 V transients captured for
each motor can be evaluated in Fig. 3.5a and 3.5b. Voltage transients were captured
after four hours (events 1–5) and eight hours (events 6–10). The different glovebox
environments had no major effect on the voltage transients; however, the maximum
voltage spikes seemed to occur in the air and argon environments.
A graph of the average motor temperatures at 480 V operation can be observed
in Fig. 3.4c. As with the 200 V tests, the motors operated the coolest in the helium
environment and hottest in the argon environment. At 480 V operation, the voltage
spikes for the Reliance Motor were from 1,287 V to 1,549 V while the extent of the
GE Motor spikes were 1,255 V to 1,362 V. Graphs of the voltage transients captured
for each motor can be seen in Fig. 3.5c and 3.5d. The largest voltage spikes seemed
to occur in the argon environment.
Long duration tests were also conducted with an electrical connector wired
between the VFD and motor terminals. Results were similar to the long duration
tests without the connector. No arcing problems were observed with the connector
pins. The results for these long duration tests are shown in Appendix B.
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Figure 3.4: Average motor temperatures during 8 hours of operation (Test 3)
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Figure 3.5: Voltage transients captured during 8 hours of operation at 230 V and
480 V AC in air, argon, and helium environments (Test 3)
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Chapter 4
Basket Drive Wear and Durability
Test
Background information on the project is given in Section 4.1 while the ex-
perimental configurations are given in Section 4.2. The results of the tests are given
in Section 4.3 while Chapter 5 contains the summary and conclusion for the basket
drive project.
4.1 Background
The basket drive project was first undertaken by Chris Simoson and later taken
over by Brett Castelloe. Once Brett Castelloe graduated, the project was taken over
by Gavin Wiggins. Advising is provided by Dr. John Wagner, Dr. Darren Dawson,
and Donald Erich. Since the beginning of the project, there have been three designs
for the basket assembly: the initial design, a revised design, and a final design. These
designs will be discussed in the following sections.
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4.1.1 Initial Design
The initial design of the basket drive assembly failed due to a problem with the
ceramic bearings during the pre-testing procedures. The initial design of the basket
drive assembly can be seen in Figure 4.1. The material of the bearings and basket tray
used for this design are unknown at the time of writing this report. When this design
was tested in the 650◦C furnace, the bearings cracked and the base plate of the tray
warped. The failure of this design required a revised design that would incorporate
a basket tray and ceramic bearings that can withstand the high temperature of the
furnace.
Figure 4.1: Initial design of the basket drive assembly
4.1.2 Revised Design
A revised design of the basket drive assembly was later implemented. This de-
sign incorporated a new (larger) tray for the basket assembly along with new ceramic
bearings. A new coupler was also designed to attach the driveshaft to the motor. A
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more stable motor stand was also designed to allow the motor to easily align with the
driveshaft. Upon running the assembled basket drive system, it was observed that
the ceramic bearings had a tendency to slide on the shafts. End caps were designed
and fabricated from aluminum to keep the ceramic bearings from sliding off the drive
and idler shafts. Figure 4.2 shows the revised assembly. The aluminum end caps
eventually broke due to the high temperature environment. The melting point of
aluminum is near the operating temperature of the furnace, therefore the end caps
would become pliable during tests and unusable after several test cycles.
Figure 4.2: Revised design of the basket drive assembly
The problems and eventual failure of this design prompted the need for another
design of the basket drive assembly. Improvements were especially needed for the
ceramic bearings and the rotational operation of the basket assembly. The details of
the next design are explained in the following section.
48
Table 4.1: Summary of final design materials
Material Thermal Expansion Coefficient Melting Point
α (µin/in-◦F ) ◦C
Stainless Steel 304 10.4 1400 - 1455
Stainless Steel 316 9.72 1354 - 1413
Inconel 600 7.39 1354 - 1413
Inconel 625 7.11 1290 - 1350
Alumina Ceramic 4.60 1650
4.1.3 Final Design
The final design is used for all the testing procedures and results stated in
this report. It incorporates the sprockets and ceramic bearings of the revised design.
Improvements over the revised design include the following:
• Solid drive shaft to eliminate twisting
• Longer drive shaft to allow basket to be placed in the center of the furnace for
more uniform temperature distribution on the assembly
• Weight of the basket is applied to the basket stands and basket shafts instead
of the drive shaft
• Basket stand height can be adjusted with washers or shims
• The tendency of the basket to hop off the sprockets will be eliminated by the
basket stands
• Basket stands will eliminate the need for an idler shaft
A table summarizing the characteristics of the materials used for the final design is
shown below [35].
49
The gear sprockets and douser are made from Stainless Steel 304; while the
bolts, bearing plates, and basket stands are made from Stainless Steel 316. The basket
tray is made from Inconel 600. The driveshaft and basket shaft material is Inconel
625. The ceramic bearings are machined from 99.5% aluminum oxide ceramic from
International Ceramic Engineering.
New ceramic bearings were needed since cracks were noticed in the driveshaft
bearings. Thermal expansion of the bearings and driveshaft must be considered in
the design of the new bearings and shafts to prevent failure of the components in the
heated furnace. The formulas [36] for calculating the thermal expansions can be seen
by Equations 4.1 and 4.2.
δT = α∆TD (4.1)
Df = Di + δT (4.2)
In Equation 4.1, δT refers to the expansion of the material diameter, D, due
to the change in temperature, ∆T multiplied by the materials thermal expansion
coefficient, α. In Equation 4.2, the final diameter of the material, Df , is determined
by adding the amount that the material will expand, δT , to the initial diameter, Di .
After reviewing the types of fits for holes and shafts, a running and sliding
type fit (known as RC7) has been chosen for the driveshaft and ceramic bearings [37].
This fit was selected due to its consideration of large temperature variations in the
shaft material. Using clearance data for a class RC7 fit, the desired gap between
the inner bearing hole and driveshaft was to be 0.003 inches. Taking into account
this desired clearance, the dimensions of the ceramic bearings were updated. These
new dimensions take into account the thermal expansion of the ceramic material and
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inconel shaft. The inconel shaft will reach a diameter of 0.630 inches (initial diameter
is 0.625 inches) once it is heated to 650◦C in the furnace. The machined hole in the
ceramic bearings must be 0.630 inches in diameter because once the ceramic bearings
are heated in the furnace the hole will expand to a diameter of 0.633 inches. This
satisfies the clearance of an RC7 fit; i.e. 0.633 in - 0.630 in = 0.003 in clearance.
The round ceramic bearings are used on the basket driveshaft, while the square
ceramic bearings are used in the basket stands. The thermal expansion of the outer
diameter of the round bearings has been evaluated. This will be considered when
machining the basket tray wall and maintaining a RC7 fit between the outer bearing
diameter and the hole diameter in the tray. The thermal expansion of the square
bearings has also been evaluated and will be considered in the machining of the
basket stands. Thermal expansion of the square bearings is not a concern since the
opening for these bearings will allow for easy assembly by allowing plenty of room for
the bearing to slide into the top of the basket stands.
A stainless steel plate is used to keep the driveshaft bearings from sliding out
of the basket tray wall. This plate will be used instead of the end cap design used in
the revised assembly design. An image of the final design of the basket drive assembly
can be seen in Figure 4.3 and Figure 4.4 below. The ceramic bearings which support
the basket can also be seen in Figure 4.4. These bearings are the replacement bearings
for the failed square bearings. The new U-shaped bearings were never tested in the
furnace therefore all results in this paper are with the square bearings installed (see
the Appendix D.3 for images of the square bearings). The design of the new bearings
allows the basket to move vertically to prevent failure of the bearings.
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Figure 4.3: Final design of the basket drive assembly
4.2 Experimental Configuration
A douser containing aluminum oxide, a very abrasive powder, resides inside of
a basket whose surface contains thousands of small holes through which the powder
may sift. A chain and thin rod have been attached to the basket at each end around
the outer surface. The entire assembly is contained within a furnace that features a
door to seal and insulate the inner environment. In this manner, all of the dispensed
powder will sift through the holes in the basket, creating a dusty atmosphere and
coating all surfaces within the furnace.
An electric motor located outside of the furnace door can be lowered into
position and coupled to the drive shaft. The motor delivers the torque necessary to
turn the sprocket and chain assembly. Once the furnace has been heated to 650◦C,
the basket is rotated at one revolution per minute. Assuming a gear ratio between the
different radii in contact, friction compels the douser to spin at a rate of approximately
7.33 times that of the basket. This test plan utilizes the douser method for testing.
Alternate modes of testing may require modification of the basket to incorporate
flights or metal fins within the inner surface of the basket. Should such a method be
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Figure 4.4: New basket stand bearings to replace failed square bearings
employed, the douser can then no longer be used as it will not be allowed to rotate
freely. The current testing mode relies of this condition in order to induce the douser’s
motion to dispense powder.
The basket and chain are made of Inconel 600, an anti-corrosive, high strength
nickel chromium alloy with exceptional resistive properties to heat and oxidation.
The gear sprockets and douser are made from Stainless Steel 304. Each inconel chain
consists of 148 links with 74 rollers that contact the ten teeth of each stainless steel
sprocket. The furnace utilized in the experiment is produced by Thermolyne. It
is controlled via a Furnatrol Type 53700 controller. A Leeson Speedmaster motor
controller regulates a Leeson Model 985-661D variable speed electric motor at the
prescribed angular velocity.
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4.2.1 Testing Procedures
Before testing can begin, it is important to confirm that each component of
the basket drive system operates properly. In addition, benchmarking data must be
acquired. Due to the expectations for wear, this data must be complete and precise.
The following pre-testing procedure will serve to qualify the experiment and to es-
tablish a set of original measurements for each basket drive component.
Pre-Testing procedure:
1. Complete the assembly of the basket system.
2. Test the basket assembly without powder or temperature.
3. Conduct all measurements for baseline values.
4. Test at temperature but without powder to verify that the furnace functions
properly.
5. Determine and mark motor speed required to turn the basket a 1 rpm.
6. Determine the duration of time required to dispense the powder from the douser.
7. Clean the parts.
8. Begin testing cycles.
For step 6, a time trial of about 30 minutes with powder (without temperature)
will yield a rough flow rate. From this flow rate, the total time for all powder to be
dispensed may be calculated. While this method does not account for the lower
amount of powder inside the douser at the end of the test, it will give an estimate of
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how long it will take for the douser to dispense all powder. From this estimate, the
duration of each test can be determined to ensure that all powder is dispensed.
Each testing cycle begins with a warm-up period to allow the furnace to reach
the specified temperature of 650◦C. When operational temperature is achieved, the
motor will turn the basket drive for twice the amount of time necessary for a full
douser to dispense all of its powder. Once the allotted time has elapsed, the motor
will stop and the furnace will be allowed to cool down. After collecting the powder
sample required for Inductively Coupled Plasma (ICP) analysis, a single test cycle
will be complete.
Procedure for a Single Test Cycle
1. Fill the douser with 4,750 g of aluminum oxide powder.
2. Assemble the basket drive system within the furnace.
3. Heat the furnace to the specified temperature.
4. Run the motor for the specified time so that the douser is completely emptied.
5. Stop the motor and furnace so that the system is allowed to cool.
6. Thoroughly mix the powder and then collect 2 mg for ICP analysis.
7. Replace the powder that was removed for ICP so that the douser can be refilled
for the next cycle.
In order to catch the beginnings of wear, the measurements will be conducted
after each of the first two sets of 25 test cycles. Testing will then continue with
measurements taken in 50 test cycle increments, until the goal of 350 test cycles is
met as shown in Table C.36.
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Table 4.2: Test cycle increments between measurements.
Baseline 25 50 100 150 200 250 300 350
Upon completion of each series of test cycles, the components will be cleaned
to remove aluminum oxide and any other unwanted matter. In order to produce
reliable and repeatable cleaning, the smaller parts (sprockets) will be placed in a
sonic bath , with a small amount of mild dishwashing detergent, for twenty minutes
of sonic activity with no heat. The parts will then be brushed with a clean toothbrush
that has soft bristles and rinsed three times with deionized (DI) water. Because the
basket is too large for the sonic bath, it will be washed in a mild detergent solution
using a soft bristle toothbrush and then rinsed three times with DI water.
4.2.2 Measurement Methods
Contact between the sprockets and chain will likely be the primary location
for wear. Due to the gear ratio between the sprockets and the chain (gr = dbasket
dsprocket
),
the sprockets are expected to see at least 7.1 times more wear than the harder inconel
chain rollers . In order to track the wear for repeatable results, the gear sprockets
have been marked. The front sprocket has been labeled with an ”F” while the rear
sprocket has been labeled with an ”R”. Symmetrically opposing teeth on the sprock-
ets have been marked to designate the measurement that will be conducted.
Procedure for a Measurement Cycle
1. Follow normal testing steps including collecting the aluminum oxide powder
and preparing the douser for the next test.
2. Scanning CMS should be run whenever the CMS machine is available.
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3. Give the necessary parts to a CETL technician for non-contact 3D scanning.
4. Run ICP analysis on the powder samples collected since the last measurement
cycle.
5. Clean the basket and give smaller parts a sonic bath as stated earlier.
6. Conduct weight loss and diameter measurements.
7. Complete the digital imaging of the basket.
8. Run non-contact surface profilometry on the sprockets and idle rollers.
4.2.3 Non-Contact 3D Scanning
Located at CETL, a Konica Minolta 910 non-contact 3D digitizer (3D scanner)
is capable of merging multiple viewpoints into a three dimensional model via the
Raindrop Geomagic Studio 6 software package. The scanner is utilized with the
sprockets and bearings. With an accuracy of approximately 0.006 inch, the 3D scanner
works well for larger objects, but it cannot always pick up sharp edges. Therefore,
some rounding of corners is to be expected. Scanning is limited to the outer portion
of the basket because the camera will not fit inside.
In order to scan the basket surface in a repeatable fashion, small pins are
inserted into marked holes. These marks are then aligned and merged to produce a
single, more complete image. Software post-processing utilizing Qualify 7 allows for
the comparison of images, and a detailed report may also be composed with color
coded areas indicating the amount of wear that has occurred relative to the original
surface.
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4.2.4 Chemical Analysis
Chemical analysis is available on site at CETL. Inductively Coupled Plasma
(ICP) excites atoms from a small sample of the aluminum oxide in order to find
unique traces of inorganic substances. Thus, knowing the composition of the inconel
and stainless steel utilized, it will be possible to determine the source of any trace
materials found. Unfortunately, while the chemical analysis process is able to provide
evidence of which contacting surfaces have worn, it is incapable of pinpointing the
exact location within the worn object.
The subject of powder sampling for analysis has received some attention in
the past because of concerns about heterogeneous wear. However, the physical di-
imensions of the current basket drive base pose a problem: only a small gap exists
between the base plate and the lower portion of the rotating basket. As the basket
turns and powder is dispensed, the powder will accumulate below the basket to a
point where newly dispensed powder will be scraped off, making it difficult for a par-
tition to represent a particular component. A larger catch tray will encompass the
whole basket assembly. In an effort to standardize the analysis, the powder will be
mixed uniformly before a 2 mg sample is removed. The powder will then be reused
except for the sample that is taken for chemical analysis. The displaced powder used
for analysis will be replaced with new powder. Since the douser holds over 3 kg of
powder, the replacement of 2 mg with new powder is assumed to be negligible.
The ICP detection limits for the target material components are approximately
10 ppm (mg/kg) for NI, Cr, Fe, Mn, and Cu. None of the target materials are expected
in the baseline analysis of clean powder.
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4.2.5 Weight Loss Analysis
After performing the cleaning procedure described earlier, the sprockets and
basket will be weighed using digital scales. While all of the related components can
be subjected to this test procedure, weight analysis will only provide data as to the
quantity of material lost and will not be capable of locating the exact position of the
wear.
4.2.6 Specific Diameter
In order to track the wear of the chain rollers, sprockets, and bearings, their
diameters will be recorded after each set of 50 cycles. Two symmetrically opposing
chain links on the front chain (each link containing two rollers) have been marked for
observation. Using calipers, measurements will be taken to the nearest 0.001 of an
inch.
4.2.7 Digital Imaging
In order to obtain quantitative wear information on the inner surface of the
basket, digital imaging will be employed. The interior surface of the basket will be
sampled at multiple points using a 0.25 inch CCD camera that incorporates a 50x
zoom lens. Once the images have been captured, they will be post-processed using the
imaging toolbox capabilities of the Matlab software. Matlab will overlay the images,
which allows a representation of the variation between to concurrent images to be
produced. Thus, the capability exists to compare data from the current cycle with
that of any of the previous cycles and also with the original data set.
The camera is to be mounted to the basket via a fixture that is positioned
using the holes for the binding screws that fix the end cover in place. The fixture
59
design allows the camera to rotate to multiple locations around the inner radius of
the basket and to move along the length of the basket.
4.2.8 Scanning Electron Microscope
The Hitachi S-3500N Scanning Electron Microscope (SEM) is located in the
SEM lab of the Clemson Research Park. It provides 2D images that show the crys-
talline structure of the specimen. Due to size limitations, the sprockets and bearings
are the only components capable of being placed within the SEM vacuum chamber.
The extremely detailed images provide impressive visual surface representation, but
comparative wear analysis is difficult to quantify as the depth of the surface disparities
cannot be determined.
The gear sprockets have received a 0.3 mm wide mark as a reference point for
using the SEM and non-contact surface profilometer. The SEM will primarily serve
as a qualitative visual observation of wear over time. However, it may be possible to
quantitatively monitor the change in surface features since the SEM post-processing
software can measure the distance between points.
The sprockets are positioned in a small aluminum fixture which is placed on a
pedestal inside the SEM chamber. The magnification and intensity may be selected to
reach the desired view. Each location is scanned with three different magnifications:
70x, 350x, and 1000x.
4.2.9 Coordinate Measurement Scanning
A coordinate measurement scanner (CMS) is available through the Mechanical
Engineering department at Clemson University. It is slow and must touch the object
being scanned, but it has very good precision. A scanning program must be written
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instructing the scanner how to inspect the specimen. The software Rapidform 2004
allows merging of multiple scans and comparative analysis. Again, only the gear
sprockets and bearings fit within the confines of the machine. The software is also able
to filter the scan appropriately and compare successive scans with detailed reports.
The imperfections in the material may be seen by using the software to zoom in; the
feature seems promising for comparative wear analysis.
4.2.10 Non-Contact Surface Profilometry
A non-contact surface profilometer is fundamentally more accurate than the
contact profilometer. Under the supervision of the Biotribology department at Clem-
son University, the use of a Wyko/Veeco non-contact surface profilometer provides a
very detailed (order of nanometer) three dimensional surface scan. Regrettably, it is
difficult to obtain a repeatable image of the same location for comparative wear anal-
ysis. Additionally, the surface profilometer is restricted to small work pieces. Only
the gear sprockets and bearings are small enough to be scanned.
4.3 Results
Upon the adoption of this project, testing began with the revised basket drive
assembly mentioned earlier in this report. However, problems with this design caused
the testing to be incomplete. Thus a new design was implemented that would fix the
problems encountered in the revised design tests. The following sections will describe
the results obtained from the revised assembly design and from the final assembly
design.
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Table 4.3: Baseline mass measurements in grams (g)
Basket 8,050.00
Sprocket F 114.78
Sprocket R 113.98
Idler F 152.55
Idler R 154.10
Table 4.4: Diameter measurements in inches (in)
Idler F 1.7485
Idler R 1.7505
Chain Roller A1 0.3125
Chain Roller A2 0.3110
Chain Roller B1 0.3110
Chain Roller B2 0.3110
4.3.1 Revised Design Results
Using a stopwatch, the motor speed was set a 42 on the controller; this met
the requirement for the basket turning at 1 rpm. A rough flow rate of the powder
was calculated to be 24.61 g/min with the basket rotating at 1 rpm. At this flow
rate, it would take approximately 2.5 hours for the douser to become empty. Baseline
measurements of the required parts can be seen in Tables 4.3 and 4.4.
The powder was tested for three hours with undesirable results. The powder
would pile up on the center of the tray and impede the flow coming out of the douser;
only half of the powder was dispensed after three hours. It was also noted that the
powder was too coarse to cause any dusting inside the furnace. The douser was filled
with a new powder from K.C. Abrasives. This new powder has an average particle
size of 3 microns. The new powder did not flow well out of the douser; it would
clump together. The new powder was dried in the furnace for 1.5 hours at 220◦C and
placed in an airtight bucket. This significantly increased the dusting of the powder
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to the point where it looks like clouds of smoke coming out of the douser as it is
being filled. However, the flow rate out of the douser with the new powder was not
enough to cause clouding effects inside the furnace. A pile of dry powder was placed
inside the basket without the douser. The pile would slide around the basket while it
was rotating. Dusting occurred as the powder was rotating and sifting through the
basket holes. This proved that the new powder (when dry) will provide the needed
dusting effect for the experiment. Los Alamos National Laboratory was informed of
these results and suggested increasing the flow rate of the douser to provide sufficient
dusting and also keep the powder from running out too soon. The machinist at CETL
drilled two 1/2 inch diameter holes in the douser to obtain a better flow rate. The
end caps on the shafts had a tendency to move around when the shafts were rotating,
so set-screws were added to the end caps. The set-screws allow the end caps to stay
in a fixed position while the assembly is running.
The powder flows out of the douser very well with the 1/2 inch diameter holes.
It is important to keep the powder dry because any moisture in the powder causes it
to clump together and not flow well. After running the douser in the basket for 30
minutes, it was determined that all the powder would be dispensed from the douser
in slightly under 3 hours. A problem arose with the aluminum end caps warping due
high temperatures so they had to be machined from cold-rolled stainless steel. These
new end caps have a melting point of 1370◦C . Due to the heat up (1.5 hours) and
the cool down (3 hours) times of the furnace, a powder sample was to be taken after
every pair of test cycles. The goal is to conduct two test cycles per day with each
cycle lasting for 3 hours. The assembly is too hot to handle after one cycle and would
take too long to cool before it can be handled. If powder were collected after every
test cycle, there would only be enough time during the day to run one test cycle due
to the heat up and cool down times. So the following procedure was proposed for
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taking powder samples after two test cycles:
Powder Collection Procedure
1. Preheat the furnace to 650◦C (1.5 hours)
2. Conduct first test cycle (3 hours)
3. After first cycle, use welding gloves to handle douser and refill with cool powder
4. Conduct second test cycle (3 hours)
5. Let parts cool overnight and collect powder sample the following morning
6. Repeat procedure for the next pair of test cycles
By using this procedure, the goal of conducting two cycles per day can be
met. However, a powder sample can only be taken after each pair of test cycles are
complete. The amount of powder in the douser is approximately 4,750 grams for
each test. The powder was collected from the basket tray and mixed in a large plastic
zip-lock bag. Once mixed, a small glass bottle was filled with a sample of the powder
and labeled accordingly.
One problem with the revised basket design was the basket lifting off of the
sprockets. The basket had come off the sprockets at some point during the second
test cycle (TC2); however, all of the powder had been dispensed from the douser.
This also occurred during TC3. After TC4, the drive shaft had noticeably started
twisting. The ceramic bearing on the twisted end of the drive shaft cannot slide off
because of this. It was also noticed that the opening in the end caps are very close to
the shafts. The thermal expansion of the end caps could be the cause of the binding
on the drive shaft. It was also observed that a small chip had been taken off one of
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the idler shaft ceramic bearings. The basket drive is still functioning though. During
TC5, the basket came off the sprocket gears during some point of the testing cycle;
not all of the powder was dispensed from the douser. After TC6, a very small crack
was observed in the same idler shaft bearing mentioned earlier. The setscrew in one of
the end caps has become locked in place; however, the end cap could still be removed
from the tray.
The drive shaft will need to be cut or another will need to be made. Since
the ceramic bearing cannot be removed from the shaft, it will be impossible to slide
off the sprocket gear after the 25th test cycle when the parts must be weighed and
analyzed. The twisted drive shaft and damaged idler shaft bearing will remain in
place since they are not causing any problems with the operation of the basket drive.
During test runs, the basket has a tendency to slide off the sprockets and
shafts. The reason for this is due to the diameter of the basket warping from the
extreme heat inside the furnace. This keeps the basket from rotating and also causes
the idler shaft to slide forward or backwards. It is suspected that this causes stress
on the idler shaft bearings. Due to the basket moving off of the sprockets and lodging
itself between the idler shaft and driveshaft, the cracked bearing on the idler shaft
has finally broken.
The drive shaft for the basket finally broke during the 12th test cycle. The
following is a summary of the issues encountered during the twelve test cycles:
• Basket had a tendency to come off the sprockets (due to warping) thus keeping
the powder from dispensing properly
• One of the inner bearings on the idler shaft broke
• Holes in the basket had a tendency to clog after several test cycles
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• The douser did not always dispense all the powder, especially during the last
group of test cycles
• The design of the drive shaft caused the shaft to twist and eventually break
Images detailing the specifics of the revised design can be seen in the appendix
of this report. Part designs and technical drawings are also displayed in the appendix.
4.3.2 Final Design Results
All testing procedures for the final design are the same as the revised design
tests. As stated earlier the final design eliminated the idler shaft and idlers from the
assembly. The design added the basket stands, square bearings, drive shaft bearing
plates, and short inconel shafts on each end of the basket for support. Table 4.5
contains the baseline and subsequent mass and diameter readings for the final design
assembly. Notice the absence of the measurements for the square bearings due to their
failure. The gain in weight for the basket is due to the powder that has collected inside
the basket and in the chain rollers during furnace tests. Table 4.6 contains calculated
values for the rates of wear for each component per basket revolution. Values for the
square bearings are not shown due to their failure during the tests. The wear rate
was calculated based on a basket rotation of 1 rpm or 60 rev/hr which gives a total of
3,780 rev of the basket after 21 test cycles (each test cycle lasts 3 hrs). The total wear
for the mass of the parts is 0.159 mg/rev while the total wear for the diameters of the
parts is 0.134µm/rev. Figure 4.5 displays the percent change of each part’s diameter
and mass compared to the baseline measurements. There was no major wear on the
components after the 21st test cycle. All wear changes were less than 1%. Of the
changes that did occur, the chain rollers and round bearings exhibited the most wear.
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The project was concluded after the 21st test cycle due to a failure of the furnace
heating coils.
Table 4.5: Baseline and wear measurements for the final design
Part Baseline 21 25 50 100 150 200 250 300 350
Basket 9,800.0 9,826.1
Sprocket F 97.3 96.9
Sprocket R 97.9 97.7
Round bearing F 29.4 29.4
Round bearing R 29.5 29.5
Square bearing F 38.6 -
Square bearing R 38.0 -
Basket shaft F 1.598 1.590
Basket shaft R 1.585 1.585
Driveshaft F 1.588 1.588
Driveshaft R 1.588 1.588
Round bearing F (inner) 1.598 1.590
Round bearing R (inner) 1.598 1.588
Round bearing F (outer) 3.185 3.178
Round bearing R (outer) 3.185 3.183
Square bearing F 1.595 -
Square bearing R 1.595 -
Chain Roller A1 0.798 0.795
Chain Roller A2 0.798 0.792
Chain Roller B1 0.800 0.795
Chain Roller B2 0.805 0.803
Mass (g)
N/A
Diameter (cm)
N/A
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Table 4.6: Percent change and wear rates per basket revolution for the final design
Part
Baseline 
(g)
21          
(g)
Percent 
Change 
(%)
Rate of 
Wear 
(mg/rev)
Basket 9,800.0 9,826.1 0.3 -
Sprocket F 97.3 96.9 0.4 0.1058
Sprocket R 97.9 97.7 0.2 0.0529
Round bearing F 29.4 29.4 0 0
Round bearing R 29.5 29.5 0 0
Square bearing F 38.6 - - -
Square bearing R 38.0 - - -
Total Wear 0.15873
Part
Baseline 
(cm)
21          
(cm)
Percent 
Change 
(%)
Rate of 
Wear 
(µm/rev)
Basket shaft F 1.598 1.590 0.5 0.0202
Basket shaft R 1.585 1.585 0 0
Driveshaft F 1.588 1.588 0 0
Driveshaft R 1.588 1.588 0 0
Round bearing F (inner) 1.598 1.590 0.5 0.0202
Round bearing R (inner) 1.598 1.588 0.6 0.0269
Round bearing F (outer) 3.185 3.178 0.2 0.0202
Round bearing R (outer) 3.185 3.183 0.1 0.0067
Square bearing F 1.595 - - -
Square bearing R 1.595 - - -
Chain Roller A1 0.798 0.795 0.3 0.0067
Chain Roller A2 0.798 0.792 0.6 0.0134
Chain Roller B1 0.800 0.795 0.6 0.0134
Chain Roller B2 0.805 0.803 0.3 0.0067
Total Wear 0.1344
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Figure 4.5: Percent change of parts from baseline measurements
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Chapter 5
Conclusion
Coal remains a major source of energy and air pollution in the United States.
The identification of an environmentally friendly substitute such as biomass briquettes
would benefit society through the use of clean energy. The tests conducted in this
paper proved that overall emissions from biomass derived fuels were less than fossil
based fuels. For CO and NOx emissions, the charcoal emitted the highest levels while
the compressed wood briquettes emitted the lowest levels in the laboratory furnace.
The highest SO2 emissions in the furnace were reached by the coal while the lowest
were emitted by the wood briquettes. The heat output of the biomass fuels in the
furnace was much less compared to the coal and charcoal. Compared to the coal
furnace emissions, averaged charcoal emissions for CO increased by 103%, NO and
NOx decreased by 21% and 20% respectively, and SO2 levels decreased by 92%. For
torrefied wood, averaged emissions for CO increased by 17%, NO and NOx decreased
by 58% and 57% respectively, and SO2 decreased by 90%. For wood briquettes,
averaged emissions for CO decreased by 27%, NO and NOx decreased by 66%, and
SO2 levels decreased by 97%. For the chemical equilibrium analysis of the boiler
system, coal and charcoal emitted the highest CO, CO2, and SOx emission levels
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while the lowest (especially for SOx) were reached by the biomass fuels. The NOx
levels were highest for the biomass and lowest for coal and charcoal.
When using biomass fuels in a coal boiler facility, a trade-off must be made
between heat output of the fuel and emissions. If biomass were used instead of coal in
an industrial boiler, then the fuel input and air flow must be increased (compared to
coal) to sustain the needed temperature inside the boiler for steam production. Fur-
ther, fuel costs would ultimately be a critical deciding factor when choosing biomass
over fossil fuels. Biomass prices must be low enough to justify the increased system
feed rate. While this research demonstrates lower emissions from biomass combus-
tion, the entire process of obtaining, processing, transporting, and storing the fuel
must be considered before it can be a viable alternative to coal. Improvements to
the small-scale traveling grate furnace should be considered for future research. An
improved design should incorporate the following: an air flow sensor for monitoring
air input, feed system for continuous feed rate of fuel onto the grate, and better
seals to eliminate air leaks. Such improvements would allow the furnace to operate
at conditions similar to the CUEF boiler. Air flow and fuel feed rate adjustments
will allow for a broader range of fuels to be tested under more realistic operating
parameters. These improvements will also provide the information needed to apply
the thermodynamic model to the furnace, thus allowing the accuracy of the model to
be validated.
Variable-frequency drives are commonly used for controlling the speeds of 3-
phase AC motors. However, the user should be aware of some potential disadvantages
of such a motor drive system. The motor environment and cable length can decrease
the life of the motor and power cable insulation. This study demonstrates that an
electric motor will operate the coolest in helium gas and the hottest in argon gas
due to the thermal conductivity of the environment. It was also found that the cable
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length between the VFD and motor terminals does affect the magnitude of the voltage
spikes. A deduction of up to 200 V could be seen in the voltage spikes of the 3.66 m
cable compared to 19.81 m cable when operating at 230 VAC at 60 Hz for the Reliance
Motor. Significant voltage spikes of up to 1,850 V can occur with 19.81 m of cable
wired between a 480 V VFD and 3-phase AC motor during sudden motor startup
from 0 Hz to 60 Hz.
When using a VFD to operate a motor, the best configuration would be with
the shortest possible length of cable between the VFD and motor terminals. This will
help maximize the life of a 3-phase AC motor and prevent tripping the system due
to voltage spikes in the power cable. This will also prevent premature failure of the
insulation inside the cable. An option to consider would be the installation of a sine
wave output filter or a line termination filter [33] to further decrease the voltage spikes
in the system. Depending on the operating environment and motor design, the motor
may need to be derated to ensure a reasonable service life. Loading the motors could
make the temperature differences in the various environments more apparent. Results
obtained from loaded motor tests would be comparable to industrial applications and
help determine if the motor needs to be derated. Furthermore, loaded motor tests
with electrical connectors wired between the VFD and motor terminals would also
prove useful for industry.
Designing a product to operate smoothly in a high temperature environment
has proven to be a challenge for the basket drive project. While the final design of
the basket drive assembly offers several improvements over the initial design, it still
has its shortcomings. The biggest problem of the design proved to be the failure
of the ceramic bearings. The ceramic bearings are capable of handling the high
temperatures of the furnace but cannot handle the stresses involved with rotating
the basket. The final design solved the issues with the bearings on the driveshaft
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but problems with the bearings supporting the basket persisted. Also, the warping
of the basket would eventually cause problems during later test cycles, thus causing
the necessity of another design change.
If the current design is to be used for future tests, it is recommended that the
following changes be made to the assembly:
• Replace the ceramic bearings in the basket stands with high temperature metal
bearings
• Replace the chain rollers on the basket with machined holes in the basket
• Fix the warped basket or make a new basket with supports along the outside
of the basket to prevent warping
For the time being, the ceramic bearings for the driveshaft can remain in
place for future tests since no problems have occurred with these bearings. If more
problems occur, they will likely happen with the basket portion or ceramic bearings
of the assembly. To prevent future bearing and basket failures, an improved design
based on the changes listed above should be implemented. This would insure smooth
operation of the assembly and completion of future test cycles.
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Appendix A
Biomass Research
The following appendix provides more in-depth results from the biomass fur-
nace tests, various CAD drawings, Bills of Materials, and various pictures associated
with the project. All part design and assembly drawings were accomplished with
Solid Edge and SolidWorks CAD software.
Table A.1: Bill of Materials for the laboratory briquette press die
Part # Part Name Quantity Material Order Info. Unit Cost Final Cost
1 die 1 steel
MSC Industrial Supply Co. 
MSC #03917473 $128.06 $128.06
2 piston 1 A-2 drill rod
MSC Industrial Supply Co. 
MSC #06091169 $118.20 $118.20
3 channel 2 steel
MSC Industrial Supply Co. 
MSC #03915527 $23.58 $47.16
4 gate 2
stainless 
steel
MSC Industrial Supply Co. 
MSC #83079368 $176.86 $353.72
5 hopper 1 sheetmetal
made from sheetmetal in 
shop n/a $0.00
6 holder 2
stainless 
steel made from part 4 material n/a $0.00
7 mixing hopper 1 sheetmetal
made from sheetmetal in 
shop n/a $0.00
TOTAL  $446.70 $647.14
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Table A.2: Bill of Materials for the small-scale furnace
Item Description Manufacturer Part Number Quantity Cost
Air velocity transducer measures air velocity going into furnace Omega FMA-902-V-R 1 $852.00
DC power supply 15VDC power supply for air transducer Omega FPW-15 1 $75.00
thermocouple extension wire Type K thermocouple wire spool Omega TT-K-20-SLE-100 1 $131.00
handheld airflow/temp meter handy for taking general airflow and temp readings Omega HHF12 1 $72.00
compression fitting for air transducer Omega SSLK-14-14 1 $15.00
slotted fiberglass seals for sealing the lip of the upper to lower furnace McMaster 8813K11 2 $11.36
NI 9215 4-Ch, 16-bit AI module measures voltage output from air velocity transducer National Instruments 779011-01 1 $413.00
NI 9263 4-Ch, 16-bit AO module sends voltage to blowers to control blower output National Instruments 779012-01 2 $592.00
NI 9211 4-Ch, 24-bit TC AI module measures thermocouple readings National Instruments 779001-01 1 $269.00
Rubbermaid containers storage for briquettes and sawdust 4 $40.00
bags of charcoal for initial testing of furnace 4 $60.00
propane tank provide gas to burn for furnace startup 1 $30.00
Service Truck, Heavy Duty, 48x30 for transporting computer system and DAQ unit Grainger HET-3048-2-95 1 $249.00
item #1TGT6
Dell UltraSharp 1908FP 19" Flat Panel smaller monitor to allow more space on computer cart Dell 320-5293 1 $284.00
1 GB Memory Module for Dell Optiplex GX270 more RAM for computer system Dell A0740372 2 $160.00
Total = $3,253.36
75
(a) Bottom view
(b) Top view
Figure A.1: Solid Edge CAD model of the small-scale traveling grate furnace
76
Figure A.2: Solid Edge CAD model of the diffuser plate in the furnace base for even
airflow to the grate surface
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(a) Fuel input side (b) Ash output side
(c) Grate input side (d) Grate output into bottom
tray
Figure A.3: Small-scale traveling grate furnace internal and side views
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(a) Electrical box for blowers and VFD (b) Air blower, ash tray, and motor
(c) Metal traveling grate, propane control valve, and piezo ignitor
Figure A.4: Small-scale traveling grate furnace parts
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Figure A.5: Charcoal furnace temperatures
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Figure A.6: Charcoal furnace emissions
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Figure A.7: Coal furnace temperatures
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Figure A.8: Coal furnace emissions
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Figure A.9: Torrefied woodchips furnace temperatures
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Figure A.10: Torrefied woodchip furnace emissions
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Figure A.11: Wood briquette furnace temperatures
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Figure A.12: Wood briquette furnace emissions
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% C,H,O,N,S inputs for boiler 
% 
% by G.W. 9/9/10 
% 
% heating values based on the formulas provided by ECN 
% http://www.ecn.nl/phyllis/defs.asp 
  
clear, clc 
  
% fuel analysis in percent (see notes for sources) 
%                C    H     O    N    S    ash  
Beech =       [51.64 6.26 41.45 0.00 0.00 0.65]; 
Hickory =     [47.67 6.49 43.11 0.00 0.00 0.73]; 
Maple =       [50.64 6.02 41.74 0.25 0.00 1.35]; 
Poplar =      [51.64 6.26 41.45 0.00 0.00 0.65]; 
WhiteOak =    [49.48 5.38 43.13 0.35 0.01 1.52]; 
Willow =      [49.90 6.50 39.90 0.20 0.00 3.50]; % calculated ash value 
Willow503 =   [50.70 6.20 39.50 0.20 0.00 3.40]; % calculated ash value 
Willow563 =   [54.70 6.00 36.40 0.10 0.00 2.80]; % calculated ash value 
Sawdust =     [50.00 6.30 43.00 0.80 0.03 0.03]; 
Switchgrass = [43.00 5.60 46.00 0.50 0.10 4.50]; 
Coal =        [78.80 4.88 6.200 0.86 1.00 8.20]; 
Charcoal =    [92.04 2.45 2.960 0.53 1.00 1.02]; 
  
% atomic compisition of the selected fuel 
Fuel = input('Fuel Type --> '); 
switch num2str(Fuel) 
    case{'Beech','beech'} 
        Fuel = Beech 
    case{'Hickory','hickory'} 
        Fuel = Hickory; 
    case{'Maple','maple'} 
        Fuel = Maple 
    case{'Poplar','poplar'} 
        Fuel = Poplar 
    case{'WhiteOak','White Oak','white oak'} 
        Fuel = WhiteOak 
    case{'Switchgrass','Switch grass','switch grass'} 
        Fuel = Switchgrass 
    case{'Coal','coal'} 
        Fuel = Coal 
    case{'Charcoal','charcoal'} 
        Fuel = Charcoal 
end 
  
C = Fuel(1); 
H = Fuel(2); 
O = Fuel(3); 
N = Fuel(4); 
S = Fuel(5); 
ash = Fuel(6); 
  
% fuel feedrate (wet basis), kg/hr, varies with fuel type 
f_wet = input('Fuel feedrate (wet), kg/hr --> '); 
  
% percent moisture content of the selected fuel, varies with fuel type 
mc = input('Moisture Content, % --> '); 
  
% air flow into system, kg/hr 
air = input('Air flowrate, kg/hr --> '); 
  
% air-to-fuel ratio of system 
afr = air/f_wet 
  
% energy content of the selected fuel, MJ/kg 
HHV_dry = 0.341*C+1.322*H-0.12*O-0.12*N+0.0686*S-0.0153*ash 
Figure A.13: Matlab m-file used to calculate C,H,O,N,S mole inputs for GasEq pro-
gram
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LHV_dry = HHV_dry-2.442*8.936*(H/100) 
HHV_wet = HHV_dry*(1-(mc/100)) 
LHV_wet = LHV_dry*(1-(mc/100))-2.442*(mc/100) 
  
f_dry = f_wet*(1-mc/100) % fuel feedrate (dry basis), kg/hr 
water = f_wet*mc/100     % water from moisture content, kg/hr 
  
% O2_req       - O2 needed to completely burn the fuel, mol_O2/kg_fueldry 
% air_req_fuel - air needed to burn the fuel, kg/hr 
% air          - air input to boiler, kg/hr 
C = C/100;  
H = H/100;  
O = O/100;  
N = N/100;  
S = S/100; 
  
% O2_req = C*(1/12.01)*1000+H*(1/1.01)*(1/4)*1000-O*(1/16)*(1/2)*1000; 
% air_req_fuel = O2_req/0.22*0.028966*f_dry;  
% air = air_req_fuel+0.10*air_req_fuel 
  
% amount of moles to boiler from fuel, mol/hr 
nCf = f_dry*C*(1/12.01)*1000; 
nHf = f_dry*H*(1/1.01)*1000; 
nOf = f_dry*O*(1/16)*1000; 
nNf = f_dry*N*(1/14.01)*1000; 
nSf = f_dry*S*(1/32.1)*1000; 
  
% amount of moles to boiler from air, mol/hr  
nOa = air*0.22*(1/32)*2*1000; 
nNa = air*0.78*(1/28.02)*2*1000; 
  
% amount of water to boiler from moisture content in fuel, mol/hr 
nHw = water*(1/18.02)*2*1000; 
nOw = water*(1/18.02)*1000; 
  
% total mole input to system, mol/hr 
nC = nCf 
nH = nHf+nHw 
nO = nOf+nOa+nOw 
nN = nNf+nNa 
nS = nSf 
nt = nC+nH+nO+nN+nS 
  
% ratio of mole inputs, used as input to equilibrium model 
nCr = nC/nC 
nHr = nH/nC 
nOr = nO/nC 
nNr = nN/nC 
nSr = nS/nC 
 
 
Figure A.14: Matlab m-file used to calculate C,H,O,N,S mole inputs for GasEq pro-
gram (continued from Fig. A.13)
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Appendix B
Argon Environment Electrical
Study
The following appendix includes CAD drawings, diagrams, and results for the
Argon Environment Electrical Study. The safety code procedures are also included.
All CAD work was implemented with SolidWorks software while all data acquisition
and control was implemented with LabView software. Voltage and current logging
was accomplished with a Fluke Power Quality Analyzer.
National Electric Safety Code
According to the 2002 National Electric Safety Code (NESC) Handbook [38],
employees must maintain an approach distance from energized conductors or parts.
This approach distance depends on the operating voltage. For 1,000 VAC, the ap-
proach distance is 0.67 m. The NESC Handbook states that “supply employees must
not approach energized parts or take conductive objects near energized parts” within
the approach distance without meeting one of the requirements listed below:
• De-energize and ground the line or part.
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• Insulate the employee from the energized line or part using insulated tools,
gloves, rubber gloves, or rubber gloves with sleeves.
• The energized line or part should be insulated from the employee and any other
line or part at a different voltage.
In addition, the “precautions for approaching voltages from 301 V to 72.5 kV”
listed below must also be followed:
• Protection from phase to phase and phase to ground differences in potential
must be used for employees.
• Exposed grounded lines, conductors, or parts should be guarded or insulated.
• If the rubber glove method is used, it should be used with one of the following
two methods:
– Rubber insulating sleeves which are insulated for the maximum use voltage
in NESC Table 441-6.
– Insulating exposed energized lines or parts within the employee’s maximum
reach (this does not apply to the part being worked on).
Relays, wires, cables, and equipment which are not being tested should be
rated at 1,000 VAC or higher. This requirement will protect employees and equip-
ment from the operating voltage which is suspected to be greater than 480 VAC. Any
equipment that is being tested should be monitored either visually or with automatic
shutoffs to prevent damage to the equipment and harm to the operator.
91
86
10
1
2
7
5
3
4
11
12
ITEM NO. PART NUMBER DESCRIPTION QTY.
1 21x20_base 1/2" thick plexiglass base 1
2 20x12_side 1/2" thick plexiglass 3
3 emt_fitting sealed opening for wires 3
4 barbed_fitting for gas exchange 2
5 clamp_top aluminum bar 2
6 rod 3/8"-16 threaded rod 4
7 21x20_top 1/2" thick plexiglass 1
8 wing_nut 3/8"-16 nut 4
10 box_base secures box to table 1
11 20x12_side_holes 1/2" thick plexiglass 1
12 connector hermetic connector 1 large_glovebox
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Figure B.1: Assembly drawings for the motor tests
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Figure B.2: Dimensions for base of glovebox
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Figure B.3: Dimensions for side of glovebox
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Figure B.4: Dimensions for clamps of glovebox
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Figure B.5: Dimensions for rods used for the glovebox
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Figure B.6: Dimensions for top of glovebox
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Figure B.7: Dimensions for base of glovebox
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Figure B.8: Dimensions for side of glovebox
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Figure B.9: Dimensions for the motor connector
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Figure B.10: Dimensions for wire box ends
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Figure B.11: Dimensions for wire box top
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Figure B.12: Dimensions for wire box bottom
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Figure B.13: Dimensions for wire box sides
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(a) Block diagram for data logging and motor control
(b) Graphical interface for monitoring temperatures, pressure, flow rate, and
adjusting motor speed
Figure B.14: LabView code for data logging and motor control
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Figure B.15: Start and stop voltage transients (with connector) for the Reliance
motor at 208, 230, and 480 VAC with 19.81 m cable (Test 1)
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Figure B.16: Start and stop voltage transients (with connector) for the GE motor at
208, 230, and 480 VAC with 19.81 m cable (Test 1)
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Figure B.17: Temperatures and voltage transients captured during 8 hours of opera-
tion at 208 V (with connector) in air, argon, and helium environments (Test 3)
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Figure B.18: Temperatures and voltage transients captured during 8 hours of opera-
tion at 230 V (with connector) in air, argon, and helium environments (Test 3)
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Figure B.19: Temperatures and voltage transients captured during 8 hours of opera-
tion at 480 V (with connector) in air, argon, and helium environments (Test 3)
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Appendix C
Basket Drive Wear and Durability
Test
This appendix contains CAD drawings associated with the initial, revised, and
final design of the basket drive assembly. All drawings and part designs were accom-
plished with SolidWorks CAD software. Pictures of the basket drive assembly and
failed parts are also provided in this appendix.
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Figure C.1: Final design of basket drive assembly with associated parts list
Table C.1: Bill of Materials for the final basket drive assembly
Item No. Item Material Quantity
1 base plate Inconel 600 1
2 bearing housing Inconel 600 2
3 side plate Inconel 600 2
4 ceramic bearing 99.5% alumina 2
5 drive shaft Inconel 625 1
6 sprocket unknown 2
7 basket stand Stainless Steel 316 2
8 basket assembly unknown 1
9 ceramic square 99.5% alumina 2
10 HF bolt 0.25-20x1x0.75-N Stainless Steel 4
11 HF bolt0.25-20x0.5x0.5-N Stainless Steel 4
12 bearing cap Stainless Steel 316 2
13 alumina powder #3 Micro Alumina 20lbs
Bill of Materials
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(a) Overhead view with basket
(b) Internal view of basket tray
Figure C.2: SolidWorks CAD model of final basket assembly design
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Figure C.3: Baseplate used for all design iterations
Figure C.4: Basket used for all designs
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Figure C.5: Basket assembly used for all designs
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Figure C.6: Bearing housing used throughout the different stages of design
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Figure C.7: Original bearing housing
Figure C.8: Chain used on basket assembly
110
0.0820
0.3550
0.60 2.00 10.00 2.00 0.600
0.3550
7.0820
1.000.630
0.6300
B
B
C
C
Cross Section same as BBCross Section Same as BB
Cross Section Same as CC
Cross Section Same as BB
R0.2450
R0.0610 X2
SECTION B-B 
SCALE 1 : 1
R0.2150
SECTION C-C 
SCALE 1 : 1
Item No. Part Number Material Qty. Units
4 Drive Shaft Inconel 600 1 Inches
D
C
B
AA
B
C
D
12345678
8 7 6 5 4 3 2 1
E
F
E
F
RE
V
D
riv
e
Sh
a
ft
_n
e
w
e
st
D
DriveShaft_newest
SHEET 1 OF 1
UNLESS OTHERWISE SPECIFIED:
SCALE: 1:2 WEIGHT: 
REVDWG.  NO.
D
SIZE
TITLE:
NAME DATE
COMMENTS:
Q.A.
MFG APPR.
ENG APPR.
CHECKED
DRAWN
FINISH
MATERIAL
INTERPRET GEOMETRIC
TOLERANCING PER:
DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
ANGULAR: MACH      BEND 
TWO PLACE DECIMAL    
THREE PLACE DECIMAL  
APPLICATION
USED ONNEXT ASSY
PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>.  ANY 
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS 
PROHIBITED.
Figure C.9: Original driveshaft used during initial and revised design stages
Figure C.10: Idler roller used on idler shaft during initial and revised designs
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Figure C.11: Idler shaft used during the initial and revised designs
Figure C.12: Original bearing used on the idler shaft and driveshaft
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Figure C.13: Original outer bearing used on idler shaft and driveshaft
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Figure C.14: Side plate used throughout all design stages
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Figure C.15: Sprocket used on driveshaft during to rotate basket, all design stages
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Figure C.16: Endcaps for driveshaft and idler shaft bearings
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Figure C.17: Basket stands used to support basket
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Figure C.18: Bearing cap used on driveshaft to keep driveshaft bearings in bearing
housing
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Figure C.19: Bearing housing used for holding driveshaft bearings
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(a) Ceramic bearing used on the driveshaft
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(b) Initial bearing used to support the basket in
the basket stands
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(c) New bearing used to support the basket in the
basket stands
Figure C.20: Various ceramic bearings used throughout the design process
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Figure C.21: Coupler used to attach motor shaft to basket driveshaft
Figure C.22: Driveshaft for basket assembly
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Figure C.23: Shafts placed on ends of basket to allow basket to rotate in stands
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(a) Broken bushing from initial design
(b) Warped tray bottom of initial design
(c) Bent endcap used during revised design stage
Figure C.24: Failed parts during various stages of design
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(a) Outer idler shaft bushing
(b) Inner driveshaft bushing
(c) Outer idler shaft bushing
Figure C.25: Broken ceramic bushings on driveshaft and idler shaft
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(a) Outside of basket tray
(b) Portion between motor and basket tray
(c) Attached to motor and coupler
Figure C.26: Twisted driveshaft from revised design stage
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Figure C.27: Broken square bearing used during final design stage
Figure C.28: Inside view of douser used throughout all design stages
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(a) Driveshaft during initial design stage
(b) Basket chain rollers during final design stage
Figure C.29: Sprocket used to rotate the basket during various design stages
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(a) First idler
(b) Second idler
Figure C.30: Electron microscope scan taken during initial design stage
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(a) Single sprocket tooth scan
(b) Several sprocket teeth scan
Figure C.31: 3D scan of sprocket teeth on basket drive system during initial design
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Figure C.32: Bearing endcaps used to hold drive shaft bearings in place during revised
design
Figure C.33: Motor mount and driveshaft coupler used during revised and final design
stages
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Figure C.34: Front view of basket assembly during revised design stage
Figure C.35: Powder sample taken after test cycles 5 and 6
128
Figure C.36: Powder underneath basket after a test cycle
Figure C.37: Powder seen from side of assembly
129
Figure C.38: Douser used to dispense powder during furnace tests
Figure C.39: Basket stands with square ceramic bearings for final design
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